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ABSTRACT 
 
The objective of this study is to develop a new hot rolled heavy plate steel 
suitable for porcelain enamelling, especially for vitreous enamelled vessels. The 
properties generally required for steel include good weldability, high strength 
indicated by a yield strength that is greater than 245 MPa after enamelling, high 
resistance to fishscaling, and an interface between the enamel and steel that is 
acceptable. The work done by other researchers on hot or cold rolled sheet steels 
over the last few decades has been reviewed. The hydrogen diffusion coefficients 
for evaluating the resistance of the enamelling steels to fishscaling, and the effect 
that the trapping sites have on the coefficient were elucidated, and the testing 
method for evaluating adherence at the enamel/steel interface has also been 
introduced. 
Eight hot rolled steels that were developed either in a laboratory or produced 
industrially were studied successively in two research stages. The first round of 
research was carried out on four types of steels in order to gain an overall 
understanding of enamelling steels. The second round of research was carried out 
on four other types of steels to enhance adherence and the resistance to 
fishscaling by optimising the chemical compositions and the hot rolling schedule. 
The microstructures of the steels were observed, their mechanical properties were 
tested, and decarburising annealing heat treatment and a physically simulated 
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firing process were carried out in the laboratory. The steels developed from these 
operations were either welded or not, and then enamelled to evaluate their 
adherence and resistance to fishscaling. A microanalysis of the layer of enamel, 
condition of the bubbles’, interface transition zone of elements, Fe-rich dendrites 
at the inner wall of the bubbles and ‘dislodged’ particles near the interface was 
conducted using an optical microscope (OM) and scanning electron microscope 
(SEM). Finally, the behaviour of the hydrogen permeation was investigated using 
the electro-chemical method, and the precipitates in the four optimised steels 
were observed using a transmission electron microscope (TEM) equipped with 
energy dispersive spectrometer (EDS) combined with selected area electron 
diffraction (SAD) patterns. 
The results show that decarburising annealing can remove carbon from the 
surface layer and although the decarburised layer can be remained after 
enamelling, it will not improve adherence at the enamel/steel interface. 
Furthermore, physical simulation of the industrial firing process reveals 
variations in the microstructure and mechanical properties of the actual firing 
process, the developed steels can keep their grain size and strength stable after 
enameling, the resistance of the developed steels to fishscaling are high enough, 
apart from the CB1 and CB2 steels where some traces of fishscale were found in 
the layer of enamel of CB2 steel, and the weldability of all the steels was 
excellent. 
The results of the adherence bending test showed that the TB1 steel was not as 
good as the CB1, CB1D, and QB steels, and if microalloying elements are added, 
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especially Ti, adherence at the interface will deteriorate. After the chemical 
compositions and hot rolling schedules had been optimised, adherence at the 
enamel/steel interface of the OTB steel was better than the CB2 and OCB steels 
because the type and size of the precipitation had been controlled. Good 
adherence is associated with high density anchor points and ‘dislodged’ dendrites 
at or near the interface. The chemical reaction and diffusion during the enamel 
firing process also contributed to micro cohesion at the interface transition zone. 
The results of hydrogen permeation test and precipitate analyses showed that the 
coefficient of hydrogen diffusion of the four tested steels is in a 
Deff(OTB)<Deff(TB2)<Deff(OCB)<Deff(CB2) sequence, which is in good agreement with 
the volume fraction of precipitates in the four steels, which are in a 
Vf(OTB)>Vf(TB2)>Vf(OCB)>Vf(CB2) sequence. The OTB steel has the highest resistance 
to fishscaling and largest volume fraction of irreversible trapping sites, whereas 
CB2 steel has the lowest resistance to fishscaling and volume fraction of 
irreversible trapping sites. A room temperature model of the correlation between 
the effective coefficient of hydrogen diffusion and the volume fraction of 
irreversible trapping sites was established, and the Deff can be calculated by the Vf 
at room temperature, and vice versa. 
By comparing the hydrogen diffusion coefficients and the results of actual 
fishscaling on the layers of enamel on the different types of steels, the criterion of 
the coefficient of hydrogen diffusion Deff for judging the occurrence of 
fishscaling can be obtained; it is higher than 3.98×10-6 cm2/s, but lower than 
4.42×10-6 cm2/s for hot rolled heavy plate steels for enamelling. This is much 
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higher than the value widely used to judge the occurrence of fishscaling in sheet 
enamelling steels. 
On the basis of the above research, a new hot rolled heavy plate steel for 
enamelling OTB steel was successfully developed. The steel has a high yield 
strength which is equal to or more than 245 MPa, acceptable enamel/steel 
adherence and high resistance to fishscaling. The microstructure and mechanical 
properties of OTB steel remain stable after being welded and enamelled. Heavy 
plates of this type of steel can be used to construct large volume tanks, silos, 
chemical reaction vessels, even if the steel has been vitreous enamelled on both 
sides. 
It is recommended that further work needs to be done on the research of hot 
rolled steel plate for enamelling, including improving adherence at the interface, 
and better understanding the mechanism of adherence, especially when 
microalloying elements were added to the steel. A more accurate criterion of the 
coefficient of hydrogen diffusion Deff needs to be developed, and the model of the 
effective hydrogen diffusion coefficient and volume fraction of irreversible 
trapping sites at different temperatures need further study. 
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CHAPTER 1 
 
INTRODUCTION 
 
Fired enamel ware is a fully laminated composite of glass and metal. A porcelain 
enamel coating has excellent resistance to chemicals, corrosion and scratches 
(5-6 on the Mohs scale), has long lasting colour fastness, is easy to clean and is 
non-flammable. Porcelain enamel is glass, not paint, so it does not fade with ultra 
violet light. Enamel ware plays an important role in the social economy and is 
closely related to most people’s daily lives. It is also widely used in light industry, 
household electrical appliances, the metallurgical, chemical, and building 
industries, and so on. Typical domestic applications of porcelain enamel are on 
ovens, clothes washers, sinks, bathtubs, glass lined water heaters, cookware, bake 
ware and BBQs. Industrial applications include boilers, heat exchangers, 
architectural panels, electronic circuits, and chemical reaction vessels. 
Most industrial porcelain enamels are applied to enamelling steels, aluminium, 
cast iron, or other metallic materials. A ground coat is put on first to create 
adherence and then one or more outer layers will be placed over the top. Each out 
layer will subsequently be fired. The surface preparations required for the ground 
coat are pre-coat treatments such as shot blasting and then degreasing the steel 
with a mild alkaline solution or heat treatment. 
CHAPTER 1 INTRODUCTION 
1.1 Enamelling steels 
Enamelling steels are the main substrate material used for enamel ware, and they 
could be hot or cold rolled steel plates, strip, sheet, or medium or heavy plate 
manufactured by gauging and shaping. Figure 1.1 shows typical uses of 
enamelling steels. 
 
  
  
Figure 1.1 Typical applications of enamelling grade steel: (a) bathtubs, (b) 
water heaters, (c) architectural panels, (d) reaction vessels 
Enamelling steels should have proper mechanical properties and resistance to 
defects (such as surface laminations, melt blisters, outgassing resulting from base 
metal carbon, fishscale, warping and/or sag of ware, surface contaminants, and 
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rust [1]). A good bond and interface strength between the steel substrate and 
layer of porcelain enamel is desired for a longer cyclic life. The carbon in the 
steel is controlled to prevent any reactions at the firing temperatures for enamel, 
while other alloying elements are required to prevent defects from occurring. 
At present, the requirement for enamelling steel with good mechanical properties, 
formability and superior enamelling steadily increases, which inspires innovative 
research into understanding the relationship between the composition, 
microstructure, and mechanical properties of the substrate steel. To enamel steel 
sheet, its deep drawability (formability) is more important than the other 
properties, while for medium and heavy enamelling steel plate, more attention was 
paid to its enamellability. Enamellability means the possibility and suitability of 
the steel being used for porcelain enamel. The main features and parameters used 
to evaluate enamellability are fishscale and bubble/blister of the layer of enamel 
layer and its adherance to the steel substrate. Because the process of porcelain 
enamelling is complex, the methods used to research enamellability are mainly 
experimental, with concerns about the behaviour of hydrogen in the steel, and the 
adherence and interfacial reactions between the enamel and the substrate. Previous 
researchers have reported models for determining the behaviour of hydrogen [2, 3] 
and the adherence of enamel to steel [4]. 
Until now, hot and cold rolled enamelling grade steels (IF steel, ultra-low carbon 
steel and low carbon steel, etc.) have been developed for daily use [5-14], but 
there are increasing demands for better steel grades for industrial applications, 
especially by the chemical industry. Like chemical reaction vessels, the layer of 
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porcelain enamel is mainly double faced vitreous enamel that needs substrate 
steels with better enamelling properties and high strength (yield stress ≥ 245 MPa) 
after firing; normally, this kind of enamelling steel is low carbon, hot rolled 
medium and heavy steel plates.  
One of the biggest problems that occur in the production of vitreous enamelled 
reaction vessels is being able to obtain enamellable structural steel with the 
required mechanical properties. Hot rolled structural steel plate is normally 
produced by hot rolling, and does not have any resistance to fishscale. To produce 
containers with enamel only on the inside this will not be a problem because the 
hydrogen can be released on the external surface, so no fishscales will appear in 
the enamel on the inside. But for vessels such as the Bolted Steel Tanks / Silos 
where enamel is required on both sides, high strength hot rolled steel plate with 
good enamelability is needed [15]. This is very difficult to obtain because no 
micro-voids are created during hot rolling, rather, they are created during cold 
rolling, and effectively act as irreversible H trapping sites which suppress the 
formation of fishscale of the widely used low carbon enamellable cold rolled steel, 
whereas for hot rolled steel, other metallurgical possibilities must be used [15]. 
Over the last three decades, many steel manufacturers have conducted research on 
the qualities of steel [5-14], while metallurgists always use additions of titanium 
and carefully control the ratio of titanium, nitrogen, sulphur, and carbon. Their 
purpose is to reduce the volume fraction of austenite (which can contain much 
more hydrogen) during the enamel firing process, and to create preferable 
Ti-precipitates during hot rolling. Although the results of this research are positive 
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and very promising, it is difficult to produce this kind of steel with good, 
homogeneous properties, which means that only a few manufacturers can provide 
an assortment of these enamelling grade steels, so the price of these steel sheets or 
plates is correspondingly high. 
Due to the quick development of the chemical industry in China over the past few 
years, the demand for hot rolled vitreous enamelling steel for the production of 
different kinds of reaction vessels has increased. The demand for this type of steel 
is about 150,000 tons annually, so there is a shortage because of the requisition of 
high mechanical properties and good enamellability from the producers of these 
vessels. Baosteel [13] and Ansteel [14] in China can now provide these types of 
steels but they have not solved their key technical problems, so the manufacturers 
of vessels always complain about the quality of the steel. Therefore, research into 
developing these kinds of steels will be of great value on both economic technical 
grounds. Before the research can begin, a review of previous researchers’ work 
and an understanding of enamelling steels are very important and most desirable. 
1.2 Significance of this research 
Although a lot of hot or cold rolled enamelling steels have been developed, most 
of them are sheet steels, there are not very many heavy plate steels suitable for 
vitreous enamelling. Most hot rolled enamelling steels have a lower yield 
strength, which is normally less than 245 MPa after firing, and these enamelling 
steels with lower yield strength are not suitable for constructing large volume 
tanks, silos, and other reaction vessels. Therefore, a high strength hot rolled 
CHAPTER 1 INTRODUCTION 
heavy plate enamelling steel would be a valuable contribution to this research 
field. 
1.3 Research objectives 
Hot rolled enamelling steels can be divided into DQ, 245 MPa, 330 MPa, 360 
MPa etc., by yield strength class, which is shown in Figure 1.2. The aims of this 
research are to develop a hot rolled medium and heavy plate steel with a yield 
strength class equal to or more than 245 MPa, and with properties that should 
satisfy the requirements listed in Tables 1.1 and 1.2. The steel plate should have 
good adherence and resistance to fishscaling under a normal vitreous enamelling 
process. 
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Figure 1.2 A Schematic diagram of different classes of hot rolled enamelling 
steels 
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Table 1.1 The mechanical properties required 
Strength class Thickness and width (mm) YS(MPa) TS (MPa) A50 (%)
245 MPa 6-20×900-4000 ≥245 ≥380 ≥26 
 
Table 1.2 Other properties and usage required 
Steel grade Requirements of other properties Usage 
245 MPa 
Good enamellability 
Good weldability 
High strength after firing 
Double-face vitreous 
enamelled chemical reaction 
vessels, etc. 
 
1.4 Over all research plans  
The over all research plans are as follows: 
1) Development of enamelling steel. 
2) Laboratory study: to determine the chemical composition and hot rolling 
schedule required to produce low carbon enamelling steel using laboratory 
equipment such as the steelmaking furnace and hot rolling mill, in order to 
analyse its mechanical properties and enamellability and then provide a scheme 
for industrial trial production, and also to simulate the firing process and analyse 
the change of microstructure and mechanical properties. 
3) Application: to provide heavy plate steel products for customer usage, by 
evaluating the weldability, enamellability, and microstructure and mechanical 
properties after firing. 
CHAPTER 1 INTRODUCTION 
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4) Optimisation: to optimise the chemical composition and hot rolling schedule, 
and then produce the optimised steels and repeat the enamelling process, and 
then test the adherence. To measure the behaviour of hydrogen permeation in 
steel, analyse the precipitates, and then establish a relationship between the 
coefficient of hydrogen diffusion and irreversible trapping sites in the steel. 
5) Mechanism study: to study the mechanism between the H-trapping and 
permeation in the steel with resistance to fishscaling, and also to study the 
mechanism of adherence between the enamel/steel interface. 
1.5 Key technologies 
The key issue here is matching high strength with good enamellability, so the 
balance between high strength and opposite properties such as weldability, 
enamellability, and formablility, are the key technological problems that must be 
solved. Normally, as the strength increases, the weldability, formablility and 
enamellability decreases because the addition of alloying elements and its 
precipitates increases the former but decreases the latter. A potential method for 
solving this problem is to select the proper alloying elements, the type and size of 
the precipitates, and microstructures that are not only suitable for strength while 
simultaneously maintaining the enamellability (especially for double faced 
enamelling), formability, and weldability. The parameters for a hot rolling 
schedule which control the formation of the desired precipitates and 
microstructures need to be studied. 
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1.6 Outline of the thesis 
This thesis consists of eight chapters and a bibliography of cited references. The 
contents of each chapter are listed below. 
In this chapter, a background of enamelling steels and the properties required 
for such steels are introduced, and the key technologies in developing these types 
of steels is also pointed out. The significance of this study is discussed. The 
objectives of this thesis are given and the research methodology is also proposed. 
Chapter two reviews previous research that is relevant to the current study. It 
includes the chemical compositions of the steel and its effect on the enamelling 
properties, fishscaling and the behaviour of hydrogen in enamelling steels, 
research into the adherence and steel/enamel interface in enamelling steels, and 
patents on enamelling steels will also be reviewed. 
Chapter three introduces the test materials and their preparation, including the 
equipment and experimental processes used in this study. The experimental 
processes include two rounds of laboratory researches on microstructures, 
mechanical properties, enamellability, weldability, and then an optimisation of 
the chemical compositions. The behaviour of hydrogen permeation and 
precipitates in the optimised enamelling steels were tested and analysed. Lots of 
instruments were used to evaluate the steel samples, the samples of enamelled 
steel. The microstructures, mechanical properties, weldability, adherence, 
resistance to fishscaling, behavior of the hydrogen, and precipitates of the steel 
substrate or samples of enamelled steel were analysed. These instruments include 
an induction furnace, a hot rolling mill, a heat treatment furnace, a welding 
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machine, adherence bending equipment, a mechanical properties testing machine, 
an optical microscope, a scanning electron microscope, a transmission electron 
microscope, and an electro-chemical device for hydrogen permeation, etc. 
Chapter four introduces the preliminary study into hot rolled steel plate for 
enamelling. The main research work done in this chapter includes an analysis of 
the microstructures and mechanical properties of the hot rolled heavy plate steels, 
decarburisation annealing experiment, physical simulation of the enamel firing 
process, evaluation of enamellability, adherence bending test and interface 
analysis, scanning electron microscope analysis of the enamel layer and 
transition zone across the interface, weldability and variation in the 
microstructure during welding and enamelling. 
Chapter five introduces the effect of chemical composition optimisation on 
performance of enamelling steels on the basis of the first round experimental 
results. The research work includes: analyses of the microstructures and 
mechanical properties of the hot rolled steel plates; physical simulation of the 
enamel firing process for determining the microstructure and variation of 
mechanical properties of the steel substrates; evaluation of enamellability, 
including fishscaling, bubble conditions in the layers of enamel; adherence 
bending tests; scanning electron microscope analysis of the enamel layer and 
transition zone across the interface, and an analysis of the interface morphology. 
Chapter six introduces the behaviour of hydrogen permeation and characteristics 
of hydrogen storage of the optimised enamelling steels. The coefficient of 
hydrogen diffusion, activation energy, penetration time, parameter of the trapping 
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sites, and storage ability of irreversible trapping sites were measured and 
determined. 
Chapter seven introduces the microstructures, qualitative and quantitative 
analyses of precipitates of the optimised enamelling steels, and the relationship 
between the behaviour of hydrogen permeation and the irreversible trapping sites 
were determined. 
Chapter eight gives the conclusions and recommendations for future work. A 
suitable heavy plate enamelling steel with proper chemical compositions was 
successfully developed, but more work should be done, including a better 
understanding of the mechanism of adherence, critical coefficients of hydrogen 
diffusion for judging the occurrence of fishscaling, and modelling between the 
coefficients of hydrogen diffusion and volume fraction of precipitates in the steel.
CHAPTER 2 LITERATURE REVIEW AND SCOPE OF WORK 
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CHAPTER 2 
 
LITERATURE REVIEW AND SCOPE OF WORK 
 
2.1 Introduction 
In this chapter the chemical compositions of the steel and its effect on the 
properties of enamelling, fishscaling and the behaviour of hydrogen in 
enamelling steels, research into the adherence and steel/enamel interface,  
including the latest research on enamelling steels, will be reviewed. 
2.2 Chemical compositions of steel and its effect on the properties of 
enamelling 
It is well known that carbon is the most important alloying element in steel because 
it improves its strength, but carbon has a detrimental impact on the enamelling 
process. Many years ago, researchers did a lot of work on the effect that carbon has 
on enamelling. Chu et al. [16] indicated that the gases produced by carbon bearing 
ferrous materials, fired in an oxidising environment with or without enamel 
bisque, are correlated with the properties and microstructures of the enamelling 
materials. The total content of carbon, or the total volume of carbon oxides 
produced in designated circumstances, is not a reliable guide to the behaviour of 
enamelling because the form and distribution of the carbide phase cause bubbles in 
the enamel and defects and failure in the steel, as the escaping gas creates bubbles 
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in the still liquid enamel that, whether broken or unbroken, results in a rougher 
surface when the enamel solidifies. This phenomenon is called carbon boiling. 
Shardakov et al. [17] studied the composition of gases emitted from the bulk of a 
steel substrate and desorbed from its surface in heating during enamelling, the 
effects of the enamelled steel and the enamel frit on it, and also the interaction 
between the interfaces. It was shown that the steel substrate affects the 
composition of gas bubbles in the glass-enamel coating by generating carbon 
monoxide, hydrogen, and steam. The gas phase occupies up to 40% of the volume 
of the glass-enamel coating. Table 2.1 shows the volume concentration of gases 
emitted from steel St. 3 when heated in a vacuum to four different temperatures. 
The carbon in the steel substrate will react with the water and oxygen or oxide in 
the frit during the firing process, so the result will be the formation of gases such as 
CO, CO2, and H2, which will form bubbles in the enamel and the hydrogen will 
cause a fishscale defect when the firing process has finished and the enamelware 
has cooled. 
Because carbon has a negative effect on the enamelling process, the amount of 
carbon should be lower in enamelling steel to prevent reactions at the firing 
temperatures. The other way to solve this problem is to reduce or diminish the 
carbon content near the surface which bonded with the enamel frit. Poljak et al. 
[18] used decarbonisation annealing to improve the enamelling properties of the 
steel, and obtained positive results. 
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   Table 2.1 Volume concentration of gases emitted from steel 
Volume concentration of gases emitted from steel St. 3 
heated in a vacuum (%) Substance 
300 ºC 520 ºC 720 ºC 890 ºC 
H2 0 26 36 37 
H2O 41 30 3 2 
CO 13 15 48 57 
CO2 46 29 13 4 
 
Enamelling steel sheets which need good deep drawability do not require very 
much carbon, which is why this kind of steel applies to very low or ultra low 
carbon steels as the substrate. Akira et al. [19] developed cold rolled steel with 
deep drawability to be used for enamelling; the sheet is made from continuously 
cast Ti-bearing steel with extremely low carbon content. Fishscaling is more 
effectively prevented by the use of TiN precipitates rather than TiC precipitates. 
TiN in steels decreases the press formability under any hot rolling condition less 
than TiC. However, the smut deposited on the surface of the steel increases when 
pickling for pre-treatment with an increase of Ti in the steel, which means the 
enamel adheres badly. So the amount of Ti in steel must be restricted to less than 
0.06% to obtain excellent adherence. A continuous annealing process is preferable 
for preventing the steel from becoming cold work embrittled. 
The microalloying elements Ti, V, and Nb have a significant effect on the 
properties of enamelling steel, its effects were shown when they are combined 
with C or N and formed some precipitates in the steel. Takahashi et al. [2] used hot 
rolled titanium bearing steels to study the effects of Ti and C on the formation of 
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fishscale and hydrogen diffusivity. To clarify the traps for hydrogen, quenching 
and tempering experiments on iron, titanium, and carbon alloys were carried out. 
These experiments showed that the hydrogen diffusivity of titanium bearing steels 
indicated their ability to suppress fishscale and that fine coherent TiC particles are 
the main traps for hydrogen. The effect of TiC on the mechanical properties of 
steels has also been discussed. On the basis of these results a hot rolled KHN sheet 
for enamelling has been developed. When both sides of KHN sheet are enamelled 
it prevents the formation of fishscale and its sag value is as small as that of cold 
rolled sheets for enamelling. This is different from the work of Takahashi et al. 
[19] because TiN is used rather than TiC, which has been discussed in the above 
paragraph. The reports [3, 7, 9-11] also talked about some Ti-bearing steels for 
one sided or double sided enamelling, but whatever they use, i.e., TiC, TiN, TiS, 
Ti(C, N), Ti4C2S2, the importance of Ti in enamelling steel is significant. 
V and Nb are also used in enamelling steels as a substitute for part of the functions 
of Ti, and the mechanisms are the same, i.e., to form precipitates as an H-trap site, 
reduce the susceptibility to fishscale, and enhance the enamellability of the steels. 
Because the temperature for forming V and Nb precipitates is different to Ti, so the 
hot rolling parameters should be different. Babyak et al. [20] developed two 
formulas for continuously casting enamelling steels: stabilised ultra-low carbon 
steel with Ti and Nb added and low carbon steel with B added. The first is a 
stabilised ultra-low carbon steel (less than 0.005% C) with Ti and Nb added. The 
resulting carbides and nitrides of Ti provide the capability of holding hydrogen, 
while the Nb helps tie up the remaining N and C. The second is a low carbon steel 
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(less than 0.04% C) with B added where the B forms boron nitrides inside the steel 
that hold hydrogen. This now stabilised steel has much greater formability and 
experiences less distortion when the enamel coat is being fired, and because it has 
an ultra-low carbon content, it is also subjected to less carbon boiling during firing. 
Carbon boiling occurs when the iron carbide molecules at the surface react with 
oxygen to form carbon dioxide. The escaping gas creates bubbles in the still liquid 
enamel that, whether broken or unbroken, result in a rougher surface on the 
solidified enamel. Because there have only been a few reports about the effects of 
V and Nb on enamelling steel, more work should be done to understand their 
functions in enamelling steel. 
Minoru et al. [21] studied the effect of B and N in steels on the fishscaling of 
porcelain enamel. Fishscaling was reduced by adding B, or B and N. As the 
contents of B and N increased, the permeation of hydrogen and susceptibility for 
fishscaling were reduced. It was necessary to add more than 0.002% B for cold 
rolled, and 0.008% B for hot rolled sheets, respectively. Yoon [22] reported on the 
content of sulfur on the resistance of enamelling sheet steel to fishscale, and noted 
that a proper content of S can reduce this susceptibility. The mechanism of adding 
these elements and increasing the enamellability of the steel lies in increasing the 
site of the H-Trap and reducing tendency for fishscaling. 
Aluminium has a significant effect on the formability and enamellability of steels. 
Normally Al is added to the steel as a de-oxidiser so its effect on formability and 
enamellability are mainly from the formation of AlN precipitates in steels. Typical 
Al/N ratios for low carbon enamelling grades are between 3 and 5, and are shown 
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in Figure 2.1 [23]. This typically corresponds to, e.g., Al content around 400 ppm 
and an N concentration of approximately 40 ppm. 
 
 
Figure 2.1 Schematic of a typical Al/N-ratio range for low carbon enamelling 
steels combining formability and enamellability 
 
Oxygen is an important element to prevent the occurrence of fishscale because it 
combines with other elements to form an oxide which can provide a lot of trapping 
sites for H. However, if there is too much O, the oxides will cause pinholes during 
continuous casting, blister during acid pickling as a pre-treatment for enamelling, 
and also the formability deteriorates when the amount is large. Therefore, the 
amount of O is controlled for steel having deformation before enamelling, and also 
ented by the the resultant deterioration in its resistance to fishscale is supplem
formation of other carbides, nitrides, or carbonitrides of Ti, Nb, V, Al and B. There 
are other elements like Si, Mn, and P in the enamelling steels and they also have an 
effect on the properties, but these elements are not normally required and little 
 17
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research work has been carried out on them. The other expensive elements such as 
Cu, Ni, Cr, Mo and Co, and some trace elements, are seldom added to enamelling 
steels except for some very special occasion. 
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2.3 Fishscaling and behaviour of hydrogen in enamelling steels 
Fishscaling refers to the enamel flaking off in different sizes leaving residual 
pockets of nail-shaped sharp corners in the enamel layer that looks like fishscales. 
Fishscaling is one of the worst defects in the production of enamelled steel 
products [24] because it reduces the properties and useful life of enamel ware. It is 
caused by an excess of hydrogen which dissolves into the steel during the 
enameling process, especially during firing at temperatures of 800-850 ºC. Since 
its solubility decreases steeply during subsequent cooling, hydrogen moves 
towards the steel and enamel interface in quantities that can cause fishscaling even 
 
after a lapse of time. A typical fishscale defect is shown in Figure 2.2 [13]. 
  
 
Figure 2.2 OEM (a) surface and SEM (b, c) section morphologies of a typical 
fishscale [13] 
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2.3.1 Source of hydrogen in enamelling steels 
Previous researchers studied the source and behaviour of hydrogen in enamelling 
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t. The gases that evolved during fishscaling 
f the coated steel specimens from each experiment were collected and analysed 
with a mass spectrometer for deuterium and protium. The data showed that the 
igure 2.3 shows the possible adsorption of hydrogen into the steel during 
enamel firing. Experiments where the presence or absence of lifting and 
fishscaling served as a criteria, confirmed the tracer work. Other experiments 
steels. More than fifty years ago, Moore et al. [25] used deuterium (heavy 
hydrogen) to trace the source of defect producing hydrogen in steel. Deuterium 
was introduced, in turn, as a replacement for protium (regular hydrogen) in the 
pickling acid, milling water, quenching water, the chemically combined water in 
the clay, and dissolved water in the fri
o
principal source of defect producing hydrogen was the dissolved water in the frit. 
F
demonstrated that re-boiling in ground coat enamels is closely associated with 
the water content of the coating [25]. 
 
 
Figure 2.3 The possible adsorption of hydrogen into the steel during enamel 
firing 
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Takahashi et al. [26] studied the factors governing the occlusion of hydrogen in 
enamelling steel. The experiments investigated the effects of carbides, 
non-metallic inclusions, and Ti, on the formation of fishscale and then correlated 
it with other physical parameters. The H diffusivity in steels is shown to be 
correlated with the formation of fishscale. A low coefficient of diffusion is 
associated with little or no fishscale, but a high coefficient of diffusion is 
associated with a heavy formation of fishscale. It was concluded that micro-voids 
and fine coherent TiC precipitates are the main trapping sites for H in low-carbon 
steel and Ti-bearing steel, respectively. 
Micro-voids will be produced by cold reduction in cold rolled enamelling steel. 
Hudson et al. [27] researched the influence of cold reduction on the behaviour of 
hydrogen in enamelling steels. Experiments were carried out to compare the 
behaviour of acid charged hydrogen in enamelling steels and the enamellability 
of enamelling steel. The material is as-cold reduced and normalised lots of steels 
produced from hot rolled specimens that were given various degrees of cold 
reduction in the laboratory. The solubility of hydrogen in the steel increases as 
 
2.3.2 Hydrogen trapping sites and behaviour of hydrogen in enamelling 
steels 
the cold reduction increases in the range of 0 to about 75%, and a general 
decrease happens both in the intensity of ground coat re-boiling caused by 
hydrogen and a tendency for the steel to develop delayed defects in direct coats 
of white enamel. The influence of cold reduction on defects in enamel coats 
caused by hydrogen was diminished by previous normalising of the cold reduced 
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on the 
eng et al. [28] investigated a possible remedy for fishscales using the 
lectro-chemical H permeation method on enameled steel sheets of TC/1, 08F, 
8Al, etc. Their results showed that fishscaling is closely related to the 
oefficient of diffusion of hydrogen in steels. With an increase in the deformation 
(this causes micro-voids) and the Ti/C ratio of steel (more precipitates and low 
carbon solution in steel), the coefficient of the diffusion of hydrogen may be 
decreased, and thus its tendency to form fishscales may also be decreased. 
Precipitates can also act as a saviour for fishscaling. Yuan [29] studied the 
behaviour of precipitates and permeation of hydrogen in ultra-low carbon steel 
for enamelling and discovered there are a large number of Ti(C, N) and Ti4C2S2 
precipitates at different annealing temperatures and time. The precipitates are 
shown in Figure 2.4, and their size and volume fraction are shown in Table 2.2. 
 
 
 
 
 
 
 
sheet and the heat treatment given to the steel during the enamel firing process. 
The research already done shows that the micro-voids have a great effect 
behaviour of H in the enamelling steel acting as H trap sites, but this is only in 
cold rolled enamelling steel because hot rolling cannot form it, and after 
normalising or other heat treatment, the micro-voids may disappear and lose their 
function. A lot of techniques are needed to control fishscaling on hot rolled 
enamelling steels, and one of the typical techniques is precipitates. 
F
e
0
c
 
CHAPTER 2 LITERATURE REVIEW AND SCOPE OF WORK 
 22
 
 
Figure 2.4 (a) TEM image indicting precipitates in the sample annealed at 
730 ºC for 5 h, (b) SAD pattern of the fine particle marked by a 
long arrow in (a), (c) SAD pattern of the coarse particle marked 
marked by a long arrow in (a), and (e) EDS spectrum of the 
coarse particle marked by a short arrow in (a) 
 
Table 2.2 Quantitative analysis of precipitates in the investigated ultra-low 
by a short arrow in (a), (d) EDS spectrum of the fine particle 
carbon steel for enamelling 
Sample Precipitate Mean size, d (nm) 
Volume fraction, 
V  (%) 
Number per unit volume, 
N  ( particles/m3) f v
Ti(C, N) 27±2 (6.9±1.0)×10 (6.7±0.5)×10-3 20
1 
-3 20
Ti4C2S2 77±6 (6.9±1.1)×10 (2.9±0.2)×10
Ti4C2S2 69±6 (4.8±0.8)×10-3 (2.8±0.2)×1019
Ti(C, N) 22±2 (3.5±0.6)×10 (6.3±0.5)×10
2 
-3 19
Samples 1 and 2 were annealed at 730 ºC for 5 h and 870 ºC for 6 min, respectively. 
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ultra-low carbon steel is suitable for 
cipitates, other precipitates or elements can also decrease 
itates can also affect the permeation of 
hydrogen and fishscaling. The effect of the sulfur content on the resistance of 
enamelling steel to fishscaling was studied [22]. V and Nb can also precipitate in 
steel to form carbide or nitride, but its function acting as an H-trapping site needs 
further research. 
bility or susceptibility of enamelled steels to fishscaling can be 
Ti(C, N) and Ti4C2S2 precipitates can act as irreversible traps for hydrogen atoms 
altering the permeation of hydrogen. The activation energies for the diffusion of 
hydrogen in the samples are 44.3-42.6 kJ/mol at 25 ºC, and the effective 
coefficients of diffusion in the samples are 9.570×10−7 - 14.00×10−7 cm2/s, 
respectively. It was suggested that the coefficient of hydrogen diffusion in 
porcelain enamelling steels should be lower than 2.0×10−6 cm2/s to prevent 
fishscaling [30], and therefore this 
enamelling because it has enough resistance to fishscaling. 
Apart from Ti pre
fishscaling. Reference [21] studied the effect of B and N in steel on fishscaling of 
porcelain enamelling steel. BN precipitates can also act as irreversible traps site 
for hydrogen. Fishscaling was reduced by adding B or B and N. As the contents 
of B and N were increased, the permeation of hydrogen and susceptibility to 
fishscale were reduced. Reference [23] studied the effect of Al and N on the 
enamellability of the steel. AlN precip
2.3.3 Model of behaviour of hydrogen and susceptibility to fishscaling in 
enamelling steels 
The enamella
tested. Margarete et al. [31] reported a testing method which makes it possible to 
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 special 
odel is based on current theories concerning the 
versible and irreversible trapping of hydrogen in metallic materials. It leads to 
e establishment of a “free hydrogen” parameter CL which can be used to assess 
e susceptibility of the steel to fishscaling following the usual enamelling 
rocesses.  
The trap in steel is referred to as irreversible (inclusions, precipitates, 
oundaried). The hydrogen in the steel can be divided into three types: free H, H 
in a reversible trap, and H in an irreversible trap as shown in Figure 2.5. 
Where n is the fraction of trapping sites occupied by hydrogen atoms among the 
total trapping sites. The trend of n(T) for two cases (reversible traps with Eb = 27 
kJ/mol and irreversible traps with Eb = 65 kJ/mol, Eb denotes trap binding 
energy) is shown in Figure 2.6. 
 
 
 
 
 
determine the susceptibility of enamelled steels to fishscale defects. The 
technique is based upon a clearly defined charging and extraction of hydrogen at 
a temperature of at least 700 K. This procedure does not require any
device, so the test may be standardised. 
Valentini et al. [12] developed a model of the behaviour of hydrogen in 
enamelling grade steels in relation to the delayed defect of blow-off (fishscaling) 
of an enamelled surface. The m
re
th
th
p
micro-voids), otherwise it is known as reversible (dislocations, grain 
b
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Figure 2.5 Schematic representation of the distribution and trapping of 
hydrogen in the steel after the enamel has cooled 
 
 
Figure 2.6 Trap occupancy fraction n(T) for Eb = (a) 27 and (b) 65 kJ/mol 
 
According to the model, CL is a function of the concentration of hydrogen 
absorbed in enamelling and the steel trapping system, which can be shown in 
Equation 2.1. 
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NI = Cc—h CL          (2.2) 
is line separates the defective materials from the 
n to NI and D2. 
where CL denotes the mobile concentration of hydrogen, CC is the total 
concentration of hydrogen in the steel, NI is the concentration of irreversible traps 
sites, CCR is the critical concentration of hydrogen where fishscaling occurs at 
room temperature, DL is the coefficient of diffusion in pure ferrite (7.2×10-9 m2/s 
[32]), and D2 is the coefficient of second diffusion. Substituting DL/D2 by h in 
Equation 2.1, then 
At given values of Cc and CCR, Equation 2.2 is represented by a straight line in 
the h-NI plane (Figure 2.7). Th
resistant ones in relatio
 
 
Figure 2.7 Plot of Equation 1.2 showing how the straight line separates the 
defective materials from the resistant ones in relation to NI and 
D2 at given values of Cc and CCR 
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hese parameters can be deduced from a series of experimental tests. Cc can be 
measured on enamelled samples with a commercial hydrogen analyser. The value 
of CCR can be taken as the same as the maximum values of CL of the samples that 
do not fishscale during intensive experimentation or it can be evaluated by 
electrochemical fishscaling tests. NI a d 2 can be derived from electrochemical 
permeation tests. Valentini et al. [13] 
shows the values of free hydrogen derived from Equation 2.1 of the model, using 
the data of D2 and CI (the concentration of irreversibly trapped hydrogen) 
reported in Table 3 and those of Cc estimated at two levels of relative humidity 
(d.p.: dew point 25 and 30ºC). 
 
en D1(10-10 m2/s) 
D2
(10-10 m2/s)
CI
(mol H/m)
CL
(molH/m)
d.p.=25 ºC
CL
(mol H/m) 
d.p.=30 ºC 
Enamel test 
d.p.=25 ºC 
Enamel test 
d.p.=30 ºC
T
n  D
made a check of this model. Table 2.3 
Table 2.3 Hot-rolled samples: results of permeation and enamel test 
Specim
C 6.49 30.31 2.12 4.05 6.56 Heavy Heavy 
B2 3.67 7.35 4.01 0.80 1.40 Heavy Heavy 
D 4.56 5.97 2.99 0.73 1.22 Medium Heavy 
B1 2.22 4.17 3.93 0.46 0.80 None None 
 
In Figure 2.8, the values of parameter CL are compared directly with the photos 
 
of the fishscaled specimens, and show that the variation of CL is congruent with 
that exhibited by the images. 
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Figure 2.8 Comparison of magnitude of free hydrogen CL with the results of 
the enamel test 
 
From this model, a new criterion based on the evaluation of the quantity CL of 
mobile hydrogen remaining in the steel after enamelling, leads to an objective 
estimation of the resistance of the enamelled product to fishscaling. A practical 
method of control was developed by comparing the calculated values of C  with 
the results of the enamel test. 
reversible and irreversible traps can lead 
 substantial improvements in steelmaking and hot rolling (chemical 
compositions and thermo-mechanical processing) in order to obtain a product 
with guaranteed resistance to fishscaling. Furthermore, an evaluation of the 
influence of enamelling process parameters will permit a better utilisation of the 
steel. 
L
A better knowledge of the influence of 
to
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Figure 2.9 shows two lines separating the fishscale and no fishscale zone, 
calculated from Equation 2.2 by two groups of data from the parameters obtained 
in the test. 
 
 
● Fishscale 
□ No fishscale 
Figure 2.9 Graphical evaluation of the susceptibility of enamelling steels to 
fishscaling, based on Equation (d.p. 30 ºC) 
 
2.3.4 Pre-treatments to reduce fishscaling 
Fishscaling is not only determined by the enamelling steel itself, but also by 
other factors such as the pre-treatment, composition of the frit, and the 
parameters of the firing process. For instance, proper surface pre-treatment can 
change the high susceptibility of enamelling steel to fishscaling into a lower one. 
Reference [16] reported that decarbonising annealing can be used to improve the 
enamellability of steel. The essence of this method is to lose carbon on the 
surface or near surface layer of the steel to a certain thickness in order to reduce 
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fishscaling. Figure 2.10 shows the decarburised layer near the surface which can 
improve the enamellability of the steel. 
 
 
Figure 2.10 The decarburised surface layer which can improve the 
enamellability of the steel 
 
Another meth e surface to improve adherence and 
duce fishscaling. Yang et al. [33] investigated the effects of a NiO pre-coat on 
e interfacial microchemistry and structure of the gas bubbles at the steel/enamel 
interface using SEM, EPMA, TGA (thermo-gravimetric analysis), and image 
analysis techniques. The experimental evidence demonstrates that the nickel 
oxide applied to the steel substrate as a pre-coat accelerates the diffusion of Fe 
from the steel into the enamel and promotes decarburisation of the steel substrate, 
as shown in Figure 2.11, this latter reaction generates CO and/or CO2 as gases. 
enamel. This
formation o
od is to add something to th
re
th
The resulting increase in the concentration of FeO reduces the viscosity of the 
 apparent decrease in the viscosity of liquid enamel, along with the 
f substantial quantities of CO and/or CO2 gases, controls the 
 30
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distribution e layer of enamel. For samples with a NiO 
re-coat, larger bubbles observed at the interfacial region are readily trapped at 
the interfacial region by means of Fe-Ni metal-rich dendrites which are 
interconnecte
compared w
interfacial bubbles intercon
f a greater number of large interfacial bubbles, along with the metal reduction 
actions taking place inside the bubbles provides diffusion paths for evolved 
ydrogen and hence increases the appearance of fishscaling. 
 addition, it was always found that a remnant of enamel is associated with 
e-Ni metal-rich dendrites, which also indicates that the presence of an 
Fe-Ni-rich phase, coupled with its characteristic “roughness”, plays an important 
role in promoting adherence. 
 
of gas bubbles in th
p
d through tiny bubbles or vents, as shown in Figure 2.12, and then 
ith Figure 2.13 without an NiO pre-coat. Figure 2.14 shows the 
nected through tiny bubbles and vents. The presence 
o
re
h
In
F
 
Figure 2.11 A SEM micrograph showing the decarburised layer in a sample 
with a thicker NiO pre-coat 
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Figure 2.12 Typical tapered cross section SEM images in a sample with the 
NiO pre-coat: (a) low magnification image showing large 
bubbles at the interface, and (b) high magnification of the 
interfacial region showing the Fe–Ni metal-rich dendrites at the 
base of the bubbles 
 
 
Figure 2.13 Typical tapered cross section SEM images in sample without the 
NiO pre-coat: (a) low magnification image showing large 
bubbles at the interface, and (b) high magnification image of the 
metal-rich dendrites at the base of the bubbles 
interfacial region showing traces of fishscaling and the Fe–Ni 
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Figure 2.14 Angular fracture surface SEM micrographs showing interfacial 
bubbles interconnected through tiny bubbles and vents: (a) 
 
There are many other methods of pre-treatment, apart from those discussed 
above, to improve the enamellability of steel, i.e. to improve adherence and to 
reduce fishscaling. 
secondary electron image, and (b) back-scattered electron image 
ng to the above discussed research work, steels are resistant to fishscale 
enamelled by arameters and methods of 
eat treatment can form these trapping sites. However, the compositions of the 
 
Accordi
when they have proper compositions, adequate sites for trapping H2 and 
 a proper pretreat process. Proper rolling p
h
steel and processing conditions required to generate H2 trapping sites influence 
other required properties, so there is always a balance between mechanical 
properties and enamellability, this principle should always be kept in mind and 
should be studied further. 
 
 33
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1) Enamelling test 
This test selects sensitive enamel where fishscaling can be directly observed 
through the enameled specimens. The sample was put into an oven heated to 200 
to 300 °C for several days, and then the number of fishscales that developed in 
the enamel could be used to judge the tendency of the steel to fishscaling. 
2) Electro-chemical methods 
ards 
shscaling. Devanathan and Stachursk [34] invented an electro-chemical method 
shscaling. Figure 2.15 shows a schematic 
2.3.5 Methods for measuring the resistance to fishscaling for enamelling 
steels 
There are many testing methods for fishscaling, including enamelling test, 
electro-chemical test methods, and a mandatory fishscaling test method. 
There are two electro-chemical methods for testing the tendency of steel tow
fi
to judge the tendency of steel towards fi
diagram of the electro-chemical device used to measure the atomic hydrogen 
diffusion rate in metal. 
A specimen was prepared and installed in the device. The bare face of the 
specimen is for charging the hydrogen and the Pd electro-plated surface is the 
diffusion surface. A constant potential 300 mV (relative to the reference 
electrode) was loaded onto diffusion surface and then a residual anodic current 
will occur, this current is caused by the original hydrogen and oxidation of 
impure atoms in the electrolytic cell. When this current reached a stable value, 
the hydrogen charging current was connected to the bare face, and then began to 
CHAPTER 2 LITERATURE REVIEW AND SCOPE OF WORK 
 35
imum value). According to the charging 
urrent curve, the hydrogen penetration time can be worked out. 
 
record the anode current of different times on diffusion face, until the current in 
the anode reached a steady state (its max
c
 
ical methods for measuring 
 
Another method is called the F. Assaold and Matsudo Kazuo method. Figure 
2.16 shows the schematic diagram of this method. Both sides of the sample were 
not enamelled but the DC power supply is switched on, the H2SO4 in the A room 
will decompose into H and [SO4] . H will migrate to the cathode under the 
driving force of the electric field, then the H captures the electron and changes 
into an atom [H], [H] will dissolve into the steel when the [H] in the steel reaches 
a saturated concentration, and then it will escape from the steel to the B room. 
0 0
Figure 2.15 Schematic diagram of electro-chem
the rate of hydrogen diffusion in metal 
+ 2- + 
+ 
The time between the beginning of the charging current and the first bubble 
escaping from the steel is marked as t , this t  time is used to judge the tendency 
CHAPTER 2 LITERATURE REVIEW AND SCOPE OF WORK 
of the steel to fishscaling. Normally, the longer the t0, the more trapping sites 
there are in the steel, and the higher the storage ability of hydrogen and resistance 
to fishscaling. 
 
 
Figure 2.16 Schematic diagram of measuring the diffusion of hydrogen 
 
3) Mandatory fishscaling test method 
tion, it will escape from the steel and form a high 
pressure hydrogen gas at the interface between the enamel and steel, and then 
fishscaling occurs. When the first fishscale is formed, a peak current occurs. 
According to the charging current curve, the time T from the beginning of 
charging current to the formation of the first fishscale can be calculated and used to 
judge the tendency of the steel to fishscaling; basically, the shorter the time the 
higher the tendency towards fishscaling. 
The test device is the same as that shown Figure 2.16, but the sample only had 
enamel on one side and this face was set towards room B, in other words the 
enamelled face was in contact with the water (or glycerol). DC power was 
connected to room A, and then the [H] dissolved into the steel. When the [H] 
reached saturation concentra
 36
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2.4 Research into adherence and the steel/enamel interface in enamelling 
steels 
rence of enamel to steel substrate is a somewhat complicated issue and 
depends upon various factors such as the composition of the steels and 
pre-treatment of the steel substrate before enamelling. This may involve surface 
chemical process that depends on a combination of a lot of factors. 
Adherence is the strength of the bond between the steel substrate and layer of 
enamel. The nature of the adherence of enamel to steels has been determined [35, 
36]. Based on an analysis of crack areas at the steel/enamel interface it appears to 
be primarily a mechanical bonding. The massive precipitation of metallic 
particles at the interface in the form of alloy dendrites forms a continuous solid 
solution with Fe. This generates a micro surface roughness where the enamel is 
mechanically attached to the surface. This physical cohesion is generated by a 
succession of chemical reactions at the interface during the firing process. 
ichmond et al. [37] evaluated the relationship between the surface roughness of 
e interface with the adherence of a porcelain enamel ground coat. A positive 
orrelation was found between the adherence and the roughness of the interface, 
nd this roughness of the interface is a necessary, but not a sufficient condition to 
 
The adhe
modifications, interlayers, or interfacial reactions at the enamel/substrate 
interface, and also the methods applied compositions, and firing process of the 
coating frit. Generally, the adherence of enamel to steel is a complicated 
physico
2.4.1 Nature of the adherence of enamel to steel 
R
th
c
a
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evelop good adherence between a porcelain enamel ground coat and iron 
ubstrate. Most of the surface roughness that is associated with good adherence 
pparently develops during the firing process. Berk & Jong [38] made a study of 
the reactions at the interface of enamels and steel during firing, with attention 
being given to the tendency of a number of oxides such as cobalt oxide and 
nickel oxide, to develop a typical roughening of the base metal during firing. The 
results show that interface roughening is caused by two successive 
electro-chemical reactions at the interface of the enamel and steel. 
Paparazzo et al. [39] investigated the microchemistry of steel/enamel interfaces 
Experimental ev
reacted iron sili al continuity between 
e steel and the enamel, whereas poor adherence is associated with a 
 completely dissolved by the molten glass, with the 
teel-enamel bond formed by a single phase, and then a good adherence between 
e enamel and the steel is achieved. So adherence is generated by mechanical 
d
s
a
on a nearly atomic scale, by means of X-ray photo-electron spectroscopy. 
idence is given that good adherence is characterised by a fully 
cate phase, which produces a local chemic
th
heterogeneous mixture of an iron silicate phase plus FeO, which does not have a 
reaction. 
Lupescu et al. [40] researched the steel/enamel interface using an X-ray 
photoelectron spectroscopy analysis. The behaviour of two different samples at 
two firing temperatures (900 and 920 ºC) was examined and the presence of 
fayalite as an interface layer was confirmed. The results confirmed that chemical 
bonding is the essential factor for strong adherence. To achieve this condition, 
the oxide in a low valence is
s
th
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onding first, following chemical reactions at the interface during the firing 
rocess. 
.4.2 Effect of surface pre-treatments on the adherence of enamel to steel 
Mechanical, physical and chemical methods, such as ball blasting, pickling and 
transition metal (nickel or cobalt) dipping, are the common practices used by the 
enamel industry for improving the adherence of porcelain enamel to low carbon 
steels. 
Reference [33] investigated the effects of a NiO pre-coat on the interfacial 
microchemist
research foun
dendrites, wh
ith its characteristic “roughness”, plays an important role in promoting 
 
 
 
b
p
2
ry and the structure of gas bubbles at the steel/enamel interface. The 
d that a remnant of enamel is associated with Fe-Ni metal-rich 
ich also indicates that the presence of an Fe-Ni-rich phase, coupled 
w
adherence of the layer of enamel to the steel. Shieu et al. [41] studied the 
adherence of two porcelain enamelled steels with various types of pre-treatment. 
From the test results it was found that the adherence of porcelain enamel to steel 
treated with cobalt is higher than that treated with nickel and without transition 
metal, as shown in Figure 2.17. 
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Figure 2.17 Surface morphology of enamelled steel upon impact 
deformation for conductivity measurement, demonstrating 
 
The difference in adherence can be explained from an examination of the 
microstructure of enamel/steel interfaces with scanning electron microscopy, 
which is shown in Figure 2.18. It can be seen from Figure 2.18(c) that the islands 
are interconnected and form the so called anchor points, so the surface roughness 
of the interface has increased. Good adherence is associated with those that have 
high density anchor points at the enamel/steel interface. Improvement in the 
some investig
 
the different appearances for specimens treated (a) with 
cobalt, and (b) without transition metal 
adherence of enamel to the steel by mechanical interlocking was also reported by 
ators [37, 42]. 
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Figure 2.18 Cross sectional SEM micrographs of enamel/steel interfaces 
near the interface, and (c) with cobalt, resulted in the presence 
of Fe-Co islands and anchor points at the interface 
where the steel was treated (a) without transition metal, (b) 
with nickel, resulted in an Fe-Ni interlayer-2µm thick appear 
 
A mechanical method like ball blasting can also enhance adherence of the enamel 
to the steel [43], and this mechanism is also mechanical interlocking, as shown in 
Figures 2.19 and 2.20. Adherence can also be enhanced with another chemical 
technique. Zubekhin et al. [44] d f b l 
for one-coat enamelling. It was found th onising the steel, ared to 
standard treatment and chemical nickelising, has a positive effect in the form of 
increased wettability, a more developed surface relief, a decreased degree of 
oxidation, and decarbonising of the surface of the steel strengthens adherence of 
e boronised steel to the one-coat enamel and improves the quality of the 
eveloped a new method o
at bor
oronising the stee
comp
th
 41
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coating. Table 2.4 shows the adherence index of the boronising method 
compared to other normal methods. 
 
  
Figure 2.19 SEM micrographs of the stainless steel surface before 
enamelling: (a) specimens treated with ball blasting, and (b) 
as-received specimens with rolling marks 
 
  
Figure 2.20 Cross section SEM micrographs of the enamel-steel interfaces 
with different surface pre-treatments: (a) the steel substrate 
marks 
 
was ball blasted, and (b) as-received specimens with rolling 
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Table 2.4 Adherence index 
Adherence index, H(%), for sample extraction depth(mm)
Treatment method 
1 2 3 4 5 6 7 
Hm(%)
Standard treatment 100.0 99.2 79.0 69.0 65.1 64.3 81.8196.1
Standard treatment 
(undercoat enamel) 100.0 100.0 89.8 79.1 74.4 74.0 72.3 84.23
100.0 100.0 100.0 98.4 96.1 90.7 Chemical nickelising 88.9 96.30
Boronising in solution 100.0 100.0 99.8 95.0 94.6 92.7 92.3 96.34
 
Apart from str  
teel also has a substantial effect on such essential parameters of glass enamel 
coating as heat resistance and lustre. The heat resistance of coatings was studied 
using the method of total sample heating, i.e. determining the maximum 
difference between the heating and chilling temperatures under which the glass 
enamel coating is not broken. The level of lustre was measured by the lustre 
Table 2.5. 
 
Table 2.5 Heat resistance and lustre of coating 
Steel treatment method 
engthening adherence, this method of preliminary treatment of the
s
meter LEEM designed by NPI. The data of pre-treatment of the metal is given in 
Heat resistance of coating 
(ºC) 
Luster of coating 
(%) 
Standard treatment 300 43.6 
Chemical nickelising 340 51.6 
of optimum composition 360 52.0 
Boronising in solution 
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ccounted for by an increase in the strength of 
Apparently, different coating methods can affect adherence. Kim et al. [45] 
studied the adherence of an enamel coating applied via a dry electrostatic spray 
process and a wet (spray and dipping) process. Adherence of the layer of enamel 
by the dry process was much stronger than with the wet process, as is shown in 
Figure 2.21. The microstructure of the coating shows that the bubbles in the 
coating are more uniformly distributed in the dry process than in the wet process, 
faces 
how r r h e h s
 separated from the  is how  
 Figure 2.23. This suggests that the uniformly distributed dendrites act as 
nchors for better adherence in the dry process. 
  
 
 
Boronising the steel increases the thermal resistance of one layer coatings 
significantly compared to chemical nickelising, especially compared to standard 
metal treatment. This can be a
adherence of enamel to boronised steel, as well as the formation of an 
aluminoboron-silicate vitreous phase in the transition layer, which acts as a 
“buffer” between the steel and the coating. This improvement in the quality of 
one layer coats onto boronised steel also leads to a certain increase in the lustre 
of the coating. 
2.4.3 Effects of different coating methods and frit composition on adherence 
as is shown in Figure 2.22. The microstructure of the enamel/steel inter
s s that the dendrites g ew uniformly f om t e ste l in t e dry proces , but 
unevenly in the wet process, and they were steel, as  s n
in
a
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Figure 2.21 Surface morphology of enamelled steels after an impact test: (a) 
wet spray, (b) dipping, and (c) dry electrostatic 
 
 
50µm50µm 50µm
Figure 2.22 Microstructures of enamel coating with different coating 
processes: (a) wet spray, (b) dipping, and (c) dry electrostatic 
 
 
5µm 5µm
Figure 2.23 Microstructures of enamel coating with different coating 
 
Different coat
al. [46] investigated the influence of Al2O3 nanoparticles on adherence between 
ubstrate. The results of a press test 
indicated that adherence was greatly improved by the addition of Al2O3 
processes: (a) dipping, and (b) dry electrostatic 
ing compositions can also affect the strength of adherence. Ling et 
Sb-Mo, and NiO enamels and the steel s
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ic microscope (SEM) 
g are shown in Table 2.6. The 
results show the formation of small islands in the interfaces of the two samples 
and as a consequence, the adherence mechanisms in both samples can be 
explained by the dendritic and chemical theories. Both cobalt and nickel oxides 
in enamels were reduced to the metallic state by base metal during firing. CCE 
showed stronger adherence than FCE due to a higher amount of Co compared 
with Ni, which migrated from the glass to the steel, as shown in Figures 2.24 and 
2.25. According to electrolytic theory, the exchange of Co and Fe ions at the 
interface leads to coarser roughening of the metal at the interface and hence, 
increased the adherence in CCE. 
 
nanoparticles into the enamel frit. The scanning electron
revealed that the amount of dendrite increases at the interface and its average size 
decreases. An analysis of the energy dispersive X-ray spectroscopy (EDS) 
identified the existence of Al in the dendrite, which confirmed that the 
nano-Al2O3 additives were closely related to the change of interface morphology 
and improvement in adherence. 
Samiee et al. [47] studied the compositions, microstructure, and adherence of the 
enamel/steel interface in cobalt containing (CCE) and cobalt free (FCE) enamels. 
The compositions of the enamels after millin
Table 2.6 Chemical compositions of the enamels after milling (mass %) 
SiO2 Al2O3 B2O3 Na2O K2O Li2O CaO TiO2 CuO MnO2 NiO CoO F2 Fe2O3
CCE 62.04 1.4 12.32 11.94 0.43 0.81 2.87 2.63 0.32 1.33 0.41 1.81 1.33 - 
FCE 62.02 1.4 12.2 11.7 0.43 0.41 2.8 - 0.33 - 2.05 - 0.82 5.44
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Figure 2.24 (a) Interface morphology of CCE enamel, (b) X-ray map 
showing distribution of Co at the interface, (c) interface 
lysis of Co at 
 
morphology of CCE enamel, and (d) line scan ana
the interface 
  
Figure 2.25 (a) Interface morphology of FCE enamel, (b) X-ray map 
showing distribution of Ni at the interface, (c) interface 
morphology of FCE enamel, and (d) line scan analysis of Ni at 
 
 
the interface 
 47
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1], and the periodic cracking method [52]. The 
conductivity
industry whereas the indentation method and scratch test are popular in the field 
in 1951 by the Porcelain Enamel 
eet steel by a deforming press. In addition to cohesive failure 
here fracture of the enamel occurred owing to deformation, adhesive failure 
 the delamination of enamel from the steel substrate, can readily 
ccur in systems where the bonding strength between the enamel and steel is 
eak and the steel is exposed to the air. After cleaning the loosely bound 
fragments of enamel from the steel substrate, a conductivity measurement of the 
eformed specimens is made by an adherence meter. 
2.4.4 Test methods of enamel/steel interface adherence 
There are several methods to test the adherence of a porcelain enamel to steel 
substrate, e.g. conductivity measurement [48], bending test [49], indentation 
method [50], scratch test [5
 measurement and bending test are widely used in the enamel 
of thin film technology, and are often used by production lines as a quality 
control tool. The periodic cracking method is the best method for systems that 
involve a brittle coating on a ductile substrate. 
Conductivity measurement was initiated 
Institute (PEI) of America, and in 1978 it was adopted by the American Society 
for Testing and Materials (ASTM) as a standard method for evaluating the 
adherence of porcelain enamels and ceramic coatings to sheet metal. Since then, 
it has been widely accepted by the enamel industry as a quality control tool for 
evaluating the adherence of porcelain enamels to low carbon steel. To prepare for 
a conductivity measurement, a circular depression is first made on the originally 
flat enamelled sh
w
resulting from
o
w
d
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The adherence meter is an electronic instrument equipped with 169 needle-like 
probes assembled in a hexagonal pattern. Each probe is connected to an electric 
circuit, which will be completed through the grounded base metal of the 
specimen where the enamel (an insulator) has completely broken down and the 
base metal is in direct contact with the probe. A conductivity measurement is 
specimen and
The extent o namel and steel is expressed by an 
dherence index: 
done by pressing the head of the probe against the depressed region of the 
 counting the number of probes X, which forms a complete circuit.  
f adherence between the e
a
100
169
169
×
−
=
XA
                                               (2.3) 
It can easily  adherence index the better the 
dherence of the enamel to the steel. 
ng test to evaluate the adherence of 
porcelain enamel. The specimen was fractured by being placed in a constant 
strain flexure apparatus with the porcelain side down, and then being deformed in 
a universal testing machine until the specimen conformed to the radius of the 
curvature of the plunger. After fracture, the specimen was scrubbed with a nylon 
bristle brush under running water and then placed in an ultrasonic cleaner for 
three minutes to remove any loose particles. The specimen was then placed in a 
scanning electron microscope, and a partial field raster was adjusted to the shape 
of an inscribed square within the circular area of the delaminated porcelain. A 
specimen tilt of 25º, a working distance of 15 mm, a beam current of 60 pA, and 
 be understood that the higher the
a
Mackert et al. [49] developed a bendi
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 counts were collected for 40 sec. The counts were used with counts 
an X-ray detector distance of 30 mm were maintained for all measurements. 
Silicon X-ray
obtained on 100% opaque porcelain and on bare alloy, to calculate the area 
fraction of specimen where the layer covered with porcelain remained, according 
to the following relationship: 
=
−
zs
zu SiSi Retained porcelain area fraction                         (2.4) 
where Si
− SiSi
 porcelain coverage, 
e after testing a lot of 
2
 
 
 
u = Silicon X-ray counts from the unknown area of
Sis = Silicon X-ray counts from the standard area of opaque porcelain (100% 
coverage), and Siz = Silicon X-ray counts from a bare area of the alloy to which 
the porcelain had not been applied. 
The schematic diagram for the enamel layer fracture apparatus and an SEM 
micrograph of a fracture specimen showing a good adherence of porcelain is 
presented in Figure 2.26. The result of the regression between the retained 
porcelain area fraction and adherence is shown in Figure 2.27. The retained 
porcelain area fraction is a linear function of adherenc
specimens and making a regression, the correlation coefficient r  is very high, 
and up to 0.947. 
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Figure 2.26 (a) A schematic diagram of fracture of the enamel, and (b) an 
measured area was an inscribed square within the circular area 
of coverage with porcelain 
 
 
 
Figure 2.27 A linear regression plot of the area fraction of retained porcelain 
as a function of oxide adherence 
 
 
 
SEM micrograph of the fractured specimen where the 
CHAPTER 2 
 
2.5 Research on enamelling steels 
Over the last two decades, se
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veral main steels or supp
applied t a h
enamelling technologies [53-81]. The nu ber and c nts 
which relate to enamelling steels are shown in Tab .7, ile the applicants, 
processes, and characteristics of these patents are shown in Ta
a new kind of hot rolled enamelling stee with good name ng propertie such 
as d ista  ce to th m b ed 
enamelling) is the main aim of this research, so a y  the app and 
co ted pat is necessary, as w  be a focu n th enamellin steels 
themselves. 
Table 2.8 shows that most of the pate fo am g w ap  by 
iron and steel companies such as the Ni
St orpora K C), d S itom Metal Industries, Ltd. (SUMIT O), 
from  been applied for by Baosteel and Ansteel, 
wh  shows t  e el  s s a  their cor d tries hav een 
bo ng re n n
Patents [57-64, 67-72, 74-81] are for ultra-low or low carbon enamelling steels 
wi  carbon conte f  th  and similar production methods. As 
discussed above, a very low carbon content is better for enamelling steels which 
need def rmation before enamelling and firing, but the YS (Yield Strength) of 
enamelling steels in these patents is normally lower than 200 MPa after firing, 
which is not the focus of this research. The main technical solutions for good 
liers of enamel products 
omposition of the pate
le 2
a lo  of p tents on t eir developm
m
ent of enamelling steels and/or 
 wh
ble 2.8. To develop 
l  e lli s (
 goo
rrela
eel C
 Japan. Several patents have
ich
omi
th a
res nce to fishscaling, adheren e ena el, and dou le sid
n anal sis of lied 
ents ill s o e g 
nts r en ellin steel ere plied
ppon Steel Corporation (NSC), Kawasaki 
tion ( S an um o OM
hat nam ling teel nd relate indus e b
 in cent years i  Chi a. 
nt o less an 0.02%
o
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enamelling properties in these patents are using oxides, carbides, or nitrides of 
Al, B, Ti, Nb, V etc. to improve resistance to fishscaling. 
Patents [62-66, 73, 74] nsive elements Cu, Ni, Mo, and Co, or the 
trace lement S ce modification methods such as accelerating 
pickling pre-treatment, decarburising annealing and heat treatment mainly in hot 
rollin nd a eali st s to o in sp al surfa  suita e for amelling. 
Du o th om gh ost o he trea nts i these tents, such 
technical solutions are not applicable and s
Patents [53-56] are low carbon enamelling  of 
carbon but re t  0. an ith s
Al-killed steel without intentionally adding O and B. Patent [53] mainly uses <20 
nm Ti te ers in 2- µm ferrite grain for trapping H and 
enha elling prope position needs t
con d h he t,  sh d be lo han 3 %  the ratio 
of Ti/C should be between 2.2 and 5.0. The hot rolling and cooling parameters 
are control for  f gr size  the p ipita and e of TiC. 
Patents [54-56] use Ti-N ined micro alloying to control the 
mechanical and enamelling properties of the steel. reover the content of N is 
higher than in the patent [53], constituting up to 0.015% and minimum 
content of N in patents [54, 55] o gher  N 
coul gher content of N 
could not be achieved by the normal ladle refining process in steelmaking 
because this process needs strict controls. The technical solutions consist of using 
 use the expe
/or surfa e n and
g a nn ng age bta eci ces bl en
e t e c plex and hi  c f t tme n pa
hould be avoided. 
steels with an upper limit 0.15%
mo han 02%, d w imilar production methods. They all use 
 fine C precipita s disp ed 20 
ncing the enam rties. This com o be strictly 
trolle  to ac ieve t  effec  an N oul wer t  0.00  and
led  the errite ain and rec tion  siz
b or Ti-V comb
Mo
, the 
 content of is m
 enam
re than 0.008%. The hi
elling steels, but a hid increase the strength of the
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the fine and dispersed precipitates (carbides and nitrides) of V/Nb and Ti in the 
microstructure to form H-trapping site nce the enam ies. 
The hot rolling and cooling param also controlled for the grain size and 
precipitates. 
The enamelling properties, streng age of patents [53-56] are similar to 
the future research d should be given m op a new kind of 
hot rolled e m ing st  with high rength and having relative intellectual 
property, a new scheme for the com i  a ro s d veloped.
s to enha elling propert
eters are 
th, and us
 an ore attention. To devel
na ell eel  st
pos tion nd p ces  shoul  be de
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 B N O Ti, Nb and V; Cu, Ni, Cr, Mo and Co; Other requirements 
Table 2.7 Main patents of enamelling steels in last two decades and its composition (mass %) 
Patent number 
C Si Mn P S Al 
53] 0  0.02- 0.06 ≤0.5
0.15- 
0.40 ≤0.15 ≤0.006
0.005- 
0.055Als  ≤0.003  
0.08-0.020Ti, or/and 0.015-0.060V; or/and
0.05-0.20Cr; Ti/C=2.2-5.0 CN1966753 [
CN101139684 [54] 0.02- 0.10 ≤0.1 
0.2- 0.01- 0.001-  
CN101353756 [55] ≤0.15 ≤1.0 0.01- 0.008-
56]  
7]  
WO02052055 [58], 
EP1266976  
 [60] .01-10 
0 [61]  
JP10140286 [62] 0.003- 0.005 
0- 
0.05 ≤0.4 
0.005-
0.02 
0.005-
0.02 
0-0.10 
Als 
or 0.0001
-0.001 
0.005-
0.015 ≤0.005 0.02-0.05Cu, 0.05-0.2Zr 
1.5 ≤0.035 ≤0.035 0.10  0.01  0.01-0.1Ti, 0.001-0.1Nb
0.5- ≤0.05 ≤0.052.0 0.10  0.015  ≤0.05Ti, 0.02-0.2V 
0.05- 
0.15 ≤1.0
0.5- ≤0.05 ≤0.05 0.01-  0.008-  ≤0.05Ti, 0.02-0.2V CN101353758 [ 2.0 0.10 0.015
CN1704494 [5 ≤0.005 ≤0.03 0.1-0.3 ≤0.015 0.050 0.050  0.015  0.01≤C+0.5S+0.886N≤0.03
0.010- 0.020- 0.004- Ti＝4C+3.42N+1.5S+0.02~0.04 
US6805975, ≤0.01 ≤0.5 ≤0.04 ≤0.04     0.01-0.50Ti 
JP5331593 [59] 0.002- 0.020 
0.01-
0.10 
0.05- 
3.0 
0.02- 
0.10 
0.02-
0.10 ≤0.010 
0.0050-
0.0200
0.005-
0.020
0.010-
0.10 
0.01-0.10Nb; 0.01-0.4Cu, 0.01-0.1Ni; 
(P+S)/Cu=0.02-2.0, B/N≥1, Nb/C≥7, and 
(precipitated Nb)/(Total Nb)≥0.5 
JP7242997 0.002- 0.020 
0
0.
1.0- 
3.0 
0.02- 
0.10 
0.01-
0.10 ≤0.010 
0.0050-
0.0200
0.005-
0.020
0.010-
0.100 
0.01-0.10Nb; 0.5-2.0Cu, 0.05-1.0Ni; B/N≥1, 
Nb/C≥7 and (P+S)/Cu=0.03-0.30 
CN8510862 <0.005  <0.02 <0.03   0.012  <0.15Ti; <0.08Cu; Ti≥(48/12C+48/14N+48/32S) 
0.005-
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3]  0.005-0.05Cu, 0.005-0.01Sn JP7166296 [6 ≤0.003 0.15- 0.65 
0.004-
0.025 
0.005-
0.025   ≤0.005
0.030-
0.065 
JP2005272926 [64] 4 ≤0.5 0.045 
10 [65] 0 ≤0.5 Cu 
] 0.04 
.0001
-0.50 -0.10 -0.060 -0.10 -0.015 -0.070 0.01-2.0Cu, 0.0001-2.0Mo, where 
] 0.10 0.085 
06726 [68], 
EP1513961, CN1659298, 
6078 
≤0.005 ≤0.50
WO2007055400 [69], 
0.10
3- 0.001-0.
100 0.010 0.085 
, 
1388836, 
US6808678 
0.020 0.005 0.0050 0.050 
0.05- 
0.95 ≤0.20 ≤0.080 ≤0.010  ≤0.010
0.005- 0.10-8.0Ni, 0.05-8.0Cu ≤0.00
0.01- 
0.95 ≤0.20 ≤0.080 ≤0.0099  ≤0.010
0.002-
0.055 
0.005-8.0Co or/and 0.005-8.0Mo
0.10-8.0Ni and 0.05-8.0JP20053305 ≤0.07
, if required, 
EP2065482 [66 0.001 -2.00 
0.0001 0.0001 0.0001  0.0001 0.0001
If necessary 0.0005-0.50 Ti; one or more of 
0.01-2.00Ni, 0.0005-2.0Co, 0.001-2.0Cr, 
Ti+Co+Cr/2+Cu+Mo+Ti=0.010-8.0% 
0.03- 
1.30 ≤0.035 ≤0.080 ≤0.01  ≤0.005
0.005- 0.055-0.250 Nb 
0.0001- 0
EP2067870 [67 ≤0.01 ≤
WO20031
US2005023
0.005-
1.0 
10(B-11/
14N)~0.1 ≤0.080 ≤0.050 
0.6N≤B≤
0.020 
0.0005-
0.020
0.002-
0.080  
CN101356295, EP1950317, 
US2009047168 
≤0.01 ≤ 0.03- 1.30 ≤0.035 ≤0.080 ≤0.03 
0.0003
-0.025 ≤0.0055
0.005-
0.085  
WO2008038474 [70] 0.010 
0.00 0.03- 
1.30 ≤0.035 ≤0.080
0.0002 
-  ≤0.0055
0.005- 0.055-0.250 Nb 
WO0198551 [71]
EP1225241, CN 0.10- 0.30 
0.010-
0.030 ≤0.030 ≤0.005 
0.6N≤B≤ 0.0008- 0.010-  ≤0.0018 ≤
 
 56 
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2, EP1442147 0.03    
WO2003038140 [72], 
CN161076 ≤0.01 ≤
0.03- 
1.30 <0.035
0.025-
0.08 ≤0.02  
JP2006037215 [73] ≤0.5 
JP2004225150 [74] ≤0.004 ≤0.5 0.95 0.045 
3, US6544355, 
CN1114710 
1 0.03-0.07V; 0.02-0.04Cu; )+0.5Nb(%)<0.2 
5 [76] 
CN1141604 +0.4S)atom ratio=1.0-2.0 
 [77] .010 ≤0.020  0.0080 ≤0.003 0.060 0.020-0.060Cu; P (%)≤10*[B(%)-(11/14)N(%)] 
8] (93/12)(C-0.0010)~(93/12)C, 0.020-0.10Cu 
 [79] 5
Nb; 0.015-0.060Cu; Cu/P=1.0-3.5, 
P/S=0.6-2.0 
80] ≤0.35 ≤0.015 ≤0.015 0.025- 055  
0.006-
0.015  0.03-0.06Ti; 0.02-0.05Cb, ≤0.03Sb 
WO9803687 [81] 
P0914479, US5782999 ≤0.008  
0.25- 
0.35   
0.03- 
0.05  
0.010-
0.014  0.020-0.025Nb 
≤0.070 0.01- 0.95 ≤0.20 ≤0.080 ≤0.20  ≤0.07 ≤0.07
At least one element selected from among 
0.051-8.0Cu, 0.051-8.0Ni, 0.051-8.0Co, and 
0.051-8.0Mo 
0.05- ≤0.20 ≤0.080 ≤0.010  ≤0.010 0.005- 0.10-8.0Ni, ≤8.0%Cu 
WO0104371 [75], 
JP200102684
CN1320171, 
≤0.002 ≤0.0 0.05- ≤0.01 ≤0.025   ≤0.004 0.015- 0.03-0.05Nb, 0.20 0.05 Mn(%)-2.0O(%)+0.8V(%
WO961930 <0.01  0.10- 0.40  
0.03-
0.09   <0.01  0.04-0.10Ti; Ti/(C+N
JP8027522 ≤0.0025 ≤0.02 0.20- 0.50 ≤0
0.0020- 0.030-
JP9078190 [7 ≤0.003  0.15- 0.50 
0.005-
0.050 
0.020-
0.040 B: 11[N-(14/48)Ti]/14~0.006  
Ti:(0.6-1)(48/14)N, if necessary Nb: 
JP10183300 0.0005-0.003 ≤0.2 ≤0.5 0.024 ≤0.02 ≤0.01 0.0030 ≤0.004 0.050 
0.003- 0.0005- 0.010- 0.010-0.050
US6361624 [ ≤0.005 ≤0.015 0.
E
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Resistance to fishscaling can be determined by many methods, although the 
electrochemical method is commonly used to judging the tendency of steel 
towards fishscaling. Inclusions, precipitates and micro-voids are irreversible 
trapping sites for hydrogen atoms, while dislocations and grain boundaries are 
ance of steel to 
versible trapping sites in steel. 
dherence can be tested by a simple bending machine. Pre-treatment such as 
decarburising can improve adherence and decrease carbon boiling. Shot blasting 
ca  en  a c o n u nd ng a ec  
in in t
ls have been developed, but the main 
problem with this kind of steel is a combination of high strength and good 
resistance to fishscaling and enamellability. This is the main work that needs to 
be done in this study. 
follows: 
2.6 Problems and findings from the literature review
reversible trapping sites for hydrogen atoms. To increase resist
fishscaling, a proper chemical composition and hot rolling schedule should be 
applied to form irre
A
n also hance dheren e by r ugheni g the s rface a  formi  m hanical
terlock g effec . 
A few hot rolled heavy plate enamelling stee
2.7 Research scope in the present study  
According to the above literature review, this study will focus on developing a 
new hot rolled heavy plate steel for vitreous enamelling, while analysing the 
mechanism of fishscaling and adherence which is related to the behaviour of 
hydrogen permeation, precipitates, and chemical compositions. The mainly 
research scopes are as 
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) Design the chemical composition and hot rolling schedule, 
2) Investigate the microstructure and mechanical properties, 
3) Optimising the heat treatment and simulation of enamel firing of steel and its 
effects on the mechanical properties and microstructure, 
4) Study the weldability and enamellability of newly developed steels, 
5) To build up a relationship between the resistance to fishscaling and the 
diffusion and permeability of hydrogen in the developed steel, and investigate 
its mechanism, 
strength and interface reaction mechanism, 
7) To develop and produce a new enamelling steel. 
1
6) To research the interface adherence, morphology, transition zone, bonding 
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EXPERIMENTAL INSTRUMENTS AND METHODOLOGY 
 
3.1 Introduction 
A preli ry study hot rolle teel plate for porcelain enamelling was 
ndertaken, and then decarburising annealing experiments, physical simulation 
rate steels, welding processes, and 
ence bending tests and both macro 
n details. 
 
 
CHAPTER 3
mina of d s
u
experiments of the firing process for subst
enamelling experiments were carried out. Adher
and micro inspections for fishscaling were carried out on the enamelled steel 
plates. According to the results of the analyses of a preliminary study on hot rolled 
steel plate for porcelain enamelling, the chemical compositions and hot rolling 
schedule were optimised in the laboratory, and then the other four optimised hot 
rolled enamelling steels were developed. Experiments on enamelling, adherence 
bending tests, experiments on hydrogen permeation and observation of 
precipitates were carried out for the four types of steels. Many instruments were 
used to evaluate the samples of steels and enamelled steels, the microstructure, 
mechanical properties, weldability, adherence, resistance to fishscaling, and 
precipitates of the steel substrate or samples of enamelled steels. 
In this chapter the test materials and their preparation, and the equipment and 
experimental processes used, are described i
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.2 Materials for preliminary study 
Two grades of hot rolled steel plates, named CB1 and TB1, were developed to 
sa he m f la m . 1  
ho d h a r s  s   
TB
) Chemical compositions of the steels in the preliminary study 
positions of the CB1 and TB1 steels for the 
Al Ti V N 
3
tisfy t require ents o  porce in ena elling The CB  steel was an industrial
t rolle eavy plate steel with simila  compo ition to hipping steel, while the
1 steel was designed and manufactured in the laboratory. 
a
Table 3.1 shows the chemical com
preliminary study. 
 
Table 3.1 Chemical compositions of the CB1 and TB1 steels (mass %) 
Steel C Si Mn P S 
CB1 0.14 0.16 0.88 0.015 0.004 0.035 0.011  0.0043
TB1 0.058 0.019 0.73 0.012 0.007 0.035 0.055 0.049 0.0048
 
b) Preparation of steel plate 
boratory was first melted in a 
 these 300 mm × 380 mm × 100 mm slabs were then 
rolled. Figure 3.1 shows the flow chart of the preparation 
mill in the laboratory. 
The TB1 hot rolled steel plate developed in the la
500 kg vacuum furnace and then cast into 200 mm × 300 mm ingots. The ingots 
were then heated to 1200 ºC and soaked for 3 hours at this temperature, before 
being forged into L × 380 mm × 100 mm (length × width × thickness) slabs and 
then cooled in air to room temperature. The slabs were then cut into 300 mm 
long pieces with a band saw;
re-heated and hot 
process of the TB1 steel plate, and Figure 3.2 shows the Φ550 mm hot rolling 
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Figure 3.1 A schematic diagram showing the manufacture of the TB1 steel 
plate 
 
 
 
Figure 3.2 The Φ550 mm hot rolling mill in the laboratory 
 
Ingot casting 
(200×300 mm)
Cutting into pieces  
300 mm×380 mm×100 mm
Reheating 
 (1200 oC, 2 hours)
Hot rolling (Φ550 mm hot 
rolling mill, finishing 
temperature 880 oC) 
Air cooling 
Steelmaking  
( 500 kg vacuum induction furnace)
Forging to 
L×380 mm×100 mm
(reheated at 1200 oC)
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he dimension of the slabs and the as-rolled steel plates, and the reheating 
p he hot rolling 
u how
 
 3.2 Th g parameters dimension and p
Steel 
Reheating 
temperature 
( ºC) 
Soaking time at 
the temperature
(min) 
Dim
length×width×thickness
nsion of plate(mm)
length×width×thickness
T
arameters of the TB1 and CB1 steels are shown in Table 3.2. T
sched le for the TB1 steel is s n in Table 3.3. 
Table e re-heatin  and s of slab late 
ension of slab(mm) Dime
TB1 1200 120 300×380×100 2000×400×16 
CB1 1200 120 2000×1500×218 10000×4000×16 
 
Slab (100mm) → Plate (16mm) 
Table 3.3 Hot rolling schedule of the TB1 steel plate 
Rolling temperature Pass 
rolling (mm) rolling (mm) (%) 
(ºC) Thickness before Thickness after Reduction 
1080 1 100 85 15.0 
1040 2 85 63 25.9 
23.1 
880 7 20 16 20.0 
960 3 63 47 25.4 
940 4 47 35 25.5 
920 5 34 26 23.5 
900 6 26 20 
 
3.3 Materials for optimising study  
a) Optimisation of the chemical compositions 
preliminary research. The steel making, casting, forging, and hot rolling process 
Four grades of hot rolled steel plates, named TB2, OTB, CB2, and OCB, were 
developed to satisfy the requirements of porcelain enamelling on the basis of the 
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roduct CB1, the OCB steel was designed as a 
 CB2 composition, where the carbon content was decreased and 
vanadium was added into the OCB steel. The TB2 steel has a higher content of 
titanium and nitrogen than the TB1 steel, although the contents of the other 
elements are almost on the same level. The OTB steel has a higher carbon and 
nitrogen contents than the TB1 steel, but the contents of the other elements are 
almost on the same level. Table 3.4 shows the chemical compositions of the TB2, 
were carried out in the laboratory. The CB2 steel has the same composition as the 
industrial hot rolled steel plate p
modification of the
OTB, CB2 and OCB steels for enamelling. 
 
Table 3.4 Chemical compositions of the optimised steels (mass %) 
Steel C Si Mn P S Al Ti V N 
TB2 0.055 0.056 0.701 0.007 0.009 0.040 0.070 0.050 0.0085
OTB 0.069 0.012 0.704 0.007 0.010 0.040 0.050 0.052 0.0087
CB2 0.144 0.143 0.85 0.007 0.004 0.046 0.015  0.0048
OCB 0.092 0.187 0.84 0.007 0.004 0.041 0.016 0.047 0.0056
 
b) Preparation of the steel plate 
he finishing temperature in the hot rolling schedule for the steel 
860 ºC. The aim of this change was to refine the 
 
 
The preparation process for the four optimised steels was the same as the TB1 
steel, although t
plate decreased from 880 to 
grain size and enhance the strength of the steel. 
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3.4 Decarb aling exp en
Because th ten  the 1 steel may cause defects such as 
carbon boiling, and bubbles in the enamel and also a rougher surface when the 
steel i rried out on the 
CB1 steel to determine the effects of time and temperature on the surface 
decarburisation of the steel. 
3.4.1 Equipment 
 resistant furnace was used for this experiment, and the temperature was 
urisation anne erim t 
e high carbon con t of  CB
s enamelled, a decarburisation annealing experiment was ca
A
automatically controlled by a computer and the PLC control circuit. Figure 3.3 
shows the resistant furnace and control module. 
 
 
Figure 3.3 The resistant furnace for the decarburisation annealing 
eriment exp
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r samples were cut from the larger CB1 steel plate and placed inside 
ps of temperature and time were applied. Two 
Table 3.5 Schedule of decarburisation annealing experiment 
Soaking time at the temperature
3.4.2 Experimental procedure 
Four smalle
the resistant furnace. Two grou
samples for each temperature group were put into the furnace at the same time 
when the furnace reached the setting temperature, and when the temperature of 
the furnace reached the setting value again, the soaking time was recorded. After 
40 minutes the first sample was taken out of the furnace and cooled in air, and 
when the soaking time reached 130 minutes, another sample was taken out. The 
schedule for this experiment is shown in Table 3.5. 
 
Steel length ×width× thickness temperature (ºC) 40 min 130 m
Sample dimension (mm) Annealing 
in 
700 Sample 1 Sample 2 
CB1 40×30×16 
780 Sample 3 Sample 4 
 
After being processed, all the samples were cut in half across their width (the 
rolling direction of the original plate), the cutting face was ground with 180-1200 
mesh Al2O3 abrasive papers, and final polishing was carried out by 2.5 and 0.5 
micron diamond paste. The specimens were etched by 4% Nital solution for 
layer be measured. A Leica DMR-HC Optical Microscope (OM) was used for the 
bservation. 
10-20 seconds so that the microstructure could be observed and the decarburised 
o
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decarburisation annealing heat treatment were not for final usage, we did not test 
sted after the simulated firing process. 
This firing process is decisive for the properties at their final use. 
stomer use or not. 
 from 
Because there was not enough material and the mechanical properties after 
the mechanical properties. They will be te
3.5 Physical simulation of firing process of steel substrate  
In order to obtain the variation in the microstructures and mechanical properties 
when the steel substrate is enamelled and fired, a physical simulation heat 
treatment experiment was designed according to the parameters of actual 
enamelling. This experiment is very important and necessary, because it must be 
known that the mechanical properties of the steel substrate after enamel firing are 
suitable for cu
3.5.1 Equipment 
The same resistant furnace was used in this experiment, and while heating 
proceeded the furnace was blown with nitrogen to prevent the steel
oxidising and decarburising. 
3.5.2 Experimental procedure 
3 samples (300 mm × 200 mm × 16 mm) were cut from the hot rolled TB1 and 
CB1 steel plates and then placed inside the resistant furnace with protective 
nitrogen gas blowing throughout the heat treatment process. This physical 
simulation of the firing process is more like multiple normalising heat treatment. 
The schedule for this experiment is shown in Table 3.6. Here the temperature and 
soaking time were the same in every step of the heat treatment in plan I, while 
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l firing process of the industrial production of the enamel steel. 
ecause there was not enough CB1 for all the experiments, only one sample of 
in Table 3.7. 
 
Table 3.6 Schedule of physical simulation experiment of steel firing process 
heat treatment  1 2 3 4 5 6 7 
the change in temperature and soaking time in each step in plan II was according 
to the actua
B
the TB1 steel was used in Plan I. Details of samples used in each plan are shown 
Times of 
Temperature (ºC) 920 
Pla
Soaking time (min) 30 30 30 30 30 30 30 
Temperature (ºC) 900 960 900 890 880 870 860 
Plan
Soaking time (min) 30 40 30 40 40 40 60 
n I 
 II 
 
Table 3.7 Dimension of samples and plan for each steel 
Sample dimension (mm) 
Length × width × thickness Plan Steel sample 
I Only TB1 
300×200×16 
 II TB1 and CB1
 
In each plan the schedule for heating, soaking, and cooling of the samples was 
re beginning next 
stage of heat treatment, the surface temperature of the samples was cooled below 
were cut from erve the m
the same as for the decarburisation annealing treatment. Befo
200 ºC. After seven periods of heat treatment had been completed, small samples 
 the processed plate to obs icrostructures and test the 
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echanical properties. The process of grinding, polishing, etching and observing 
e microstructure were the same as the decarburisation annealing experiment. 
were also carried out on the four optimised hot 
rolled steels TB2, OTB, CB2, and OCB. The sample was the same size as the 
preliminary study, and plan II was applied for the experiment. 
eriment 
A JASIC ARCZX7-315 direct current welding machine was used to weld the 
steel plate. 
3.6.2 Experimental procedure 
Two 80 mm wide by 300 mm long samples were cut from each of the hot rolled 
TB1, CB1 and decarburised CB1 (the decarburised CB1 steel will be named 
CB1D steel in the following chapters) steel plates. A V-shaped weld preparation 
was ates 
ere placed together and then welded; first on one side, then the other. The weld 
g rod with similar strength after welding and 
m
th
The simulated firing experiments 
3.6 Welding exp
Before the steel plate was enamelled, a welding process was carried out to 
evaluate the weldability of the developed steels. 
3.6.1 Equipment 
cut along the edge of each sample (refer to Figure 3.5), and then the pl
w
metal was a low carbon weldin
normal cooling process. The commercial name of the weld rod is JK47. The final 
size of the welded plate is now 160 mm wide ×300 mm long. The protruding 
weld metal was ground to the surface of the metal with an angle grinder. 
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Figure 3.4 Schematic diagram of welding and welding machine: (a) schematic 
diagram of the welding, and (b) JASIC ARCZX7-315 DC welding 
machine 
 
   
Figure 3.5 Schematic diagram of X-shape slot of base metal and the weld 
metal 
 
(b)
(a) 
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n enamelled, followed directly by the TB2, OTB, CB2, OCB and QB 
The enamelling process was carried out on the wet enamel production line, 
including the frit spraying machine, drying room, and enamelling furnace. 
3.7.2 Experimental procedure 
The steel plates were enamelled and fired with the same parameters as the 
emove the scale, a pre-treatment of heating was carried out to 
en the surface, and then the ground layer and five over glaze 
for each layer is 
shown in Table 3.9, and the composition of the ground layer frit is shown in 
Table 3.10. 
3.7 Enamelling experiment 
In order to evaluate the enamellability of the developed steels, the TB1, CB1, 
CB1D, TB2, OTB, CB2 and OCB steel plates were all enamelled. The QB steel, 
which is now used in the production of a chemical reaction vessel, was also 
enamelled as a comparison. The TB1, CB1 and CB1D steels were welded first 
and the
steels. Experiments on the enamelling of these steels focused on fishscaling, 
condition of the bubbles, adherence of the enamel, and the enamellability of the 
welded zone. 
3.7.1 Equipment 
industrial equipment parts. Before the ground layer was coated, the surface was 
shot blasted to r
degrease and rough
layers were coated in turn. After former layer was fired and cooled, the next layer 
was coated and fired again. The sample treatment methods for all the samples of 
steel are listed in Table 3.8. The firing time and temperature 
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process 
Sample No. Treatment method 
 
Table 3.8 Dimensions of sample and method of treatment for enamelling 
Sample dimension (mm)
length ×width× thickness
CB1 Hot rolled and welded 
CB1D (780 ºC,130 min) and welded 
TB1 Hot rolled and welded 
QB 
300×160×16 
Hot rolled 
TB
Double-side decarburised 
2 
OTB 
CB2 
OCB 
275×180×16 Hot rolled 
 
Table 3.9 Schedule of industrial enamelling for each layer 
Firing Process Pre-treatment Ground layer Over glazes 
Temperature (ºC) 900 920 900 900 890 880 870
Firing time (min) 30 40 30 40 40 40 60 
 
Table 3.10 Oxide content of ground coat frit (mass %) 
Oxide SiO2 B2O3 Na2O Ca TiO2 Al2O3 K2O Li2O OthersO
Cont 2.6 ent 61.5 12.4 12.1 4.0 2.7 1.5 2.0 1.2 
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adherence between the enamel and the steel substrate. 
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3.8.1 Equipment 
The equipment for adherence bending test is simple, its schematic diagram is 
shown in Figure 3.6. This equipment consists of a foundation with V-shape slot, 
a punch and a loading system. 
 
 
Figure 3.6 Schematic diagram of adherence bending test equipment 
3.8.2 Experimental procedure 
Two small samples with the same size of 80 mm × 80 mm ×16 mm (length × 
width × thickness), were cut from each of the CB1, TB1, CB1D and QB steel 
plates. The samples were too thick for bending test, so they were machined to 
as that introduced in Section 3.7.2. 
 
thinner plates with thickness of 6 mm from one side, and then enamel layers were 
coated on the original surface (unmachined surface) of the samples and fired. The 
enamelling process is the same 
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 one large sample, 300 mm × 200 mm ×16 mm, was 
en the enamel layer split more or less. The stroke 
3.9.1 Equipment 
erface were observed by OM 
 elements across the layer of enamel and the 
For the optimised steels, only
cut from each of the OTB, CB2 and OCB steel plates. The samples were 
enamelled and then bending tests were also carried out. 
The enamelled samples were put on the foundation, and its enamel layer faced 
toward the V-shape slot. When the sample was loaded (punch went downwards) 
and the sample was bent, and th
of the punch was measured by a ruler. The maximal load of the loading system is 
20 kN, and the loading rate applied in this bending test is 10 mm/min. 
3.9 Analysis of layer of enamel and interface by SEM 
A Leica DMR-HC Optical Microscope (OM) and a JEOL JSM-6460LV, S-4200 
Scanning Electron Microscope (SEM) were operated at 20-30 kV. 
3.9.2 Experimental procedure 
Small cross sectional pieces were cut from the enamelled samples. When cutting 
the small pieces, the feed speed must be controlled slowly, the sand wheel blade 
cut into the sample from the enamel layer side to the steel substrate side, then the 
enamel layer should be remained on the steel substrate. The small pieces were 
mounted onto Bakelite and ground with 180-1200 mesh Al2O3 abrasive papers. 
Final polishing was carried out with 2.5 and 0.5 µm diamond paste on nylon 
cloth, and the samples were then washed with ethanol and dried for use. The 
condition of the bubbles and morphology of the int
and SEM. The distribution of the
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ermeation experiment 
3.10.1 Equipment 
Experiments on the permeation of hydrogen were carried out on an 
electro-chemical device developed by Devanathan and Stachurki [34]. Figure 3.7 
shows the device and the CS-330 electro-chemical workstation. 
3.10.2 Sample preparation 
Three square samples 50 mm × 50 mm × 1.2 mm (length × width × thickness) 
were cut, respectively, from near the surface, the centre, and 1/4 thickness of 
each steel plate using a wire cutting machine. Figure 3.8 shows where the 
interface on the cross section were investigated by the line scan on the SEM. A 
chemical analysis of the phases present in bubbles and on/near the interface was 
carried out using the energy dispersive X-ray spectroscopy (EDS) system of the 
SEM. 
Small samples were cut from the central part of the bending test samples (where 
the enamel had either split completely or partially) to examine their surface 
morphologies. The samples were cleaned in an ultrasonic bath for 3 min using 
distilled water and dried with ethanol and an air blower. The surface 
morphologies on the split enamel samples were examined and the phases present 
in bubbles were also analysed using the energy dispersive X-ray spectroscopy 
(EDS) system of the SEM. 
3.10 Hydrogen p
The behaviours of hydrogen permeation in the TB2, OTB, CB2 and OCB steels 
were measured. 
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samples were cut from the hot rolled steel plate. The samples were first ground 
with 120-1000 mesh sand paper to a thi m and then electrolytically 
polished. They were then placed into a 20% HCl electrolyte 10 to 20 second 
cathodic polarisation treatment at a current density of 21.5 mA/cm2. After being 
im  
im  
thick. 
 
ckness of 1m
mersed and washed with anhydrous ethanol and toluene, they were
mediately electroplated with Pd on one side, the Pd layer is 0.05-0.10 µm
  
Figure 3.7 Electrochemical equipment for hydrogen permeation 
CS-330 electro-chemical workstation 
 
measurement: (a) hydrogen permeation device, and (b) 
 
Figure 3.8 Sample cutting location from the hot rolled heavy plate 
 
(b)(a) 
CHAPTER 3 EXPERIMENTAL INSTRUMENTS AND METHODOLOGY 
 80
3.10
The European standard (NF EN ISO 17081) was used to measure the diffusion 
tal apparatus, the bare face is for charging the 
hydrogen, and the Pd electroplated surface is the diffusion surface. Both cathodic 
and anodic solutions were 0.1N NaOH, which were de-aerated with N2 to avoid 
2
a
original hydrogen and oxidation of impure atoms in the electrolytic cell. Ia  will 
decay over time and gradually maintain a stable value. Then the hydrogen 
charging current was connected to the bare face and reached a stable value. The 
current density was maintained at 1.8 mA/cm2, and began to record the anode 
current of different time on the diffusion face until the anode current reached a 
steady state (the maximum). Each specimen was only used once to measure the 
permeation of hydrogen and once for the curve. 
3.11 Precipitation observation 
The inclusions and precipitates in steel determine the permeation of hydrogen, so 
3.11.1 Equ
A Leica DMR-HC optical microscope (OM); H800 TEM; FEI Tecnai G2 high 
resolution TEM (HRTEM) equipped with energy dispersive spectrometer (EDS); 
.3 Experimental procedure 
rate of atomic hydrogen in the steel. The prepared specimen was installed in the 
hydrogen permeation experimen
any complexity of the cathodic reaction due to O . A constant potential 200 mV 
(relative to the reference electrode) was loaded onto the diffusion surface, 
followed by the occurrence of a residual anodic current of I 0 caused by the 
0
the particles in the steel were observed and analysed. 
ipment 
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EM-2010 HRTEM was used. 
3.11.2 Sample preparation 
Small cross sectional samples cut from th o h  
w 80-120 brasive rs e p i  
with 2.5 and 0 d paste yl lo am  mi
bservation were etched with a 5% Nital solution for 5-10 seconds and then 
AA 
FEI Tecnai G2 HRTEM were used for the analysis. 
J
e hot r lled eavy plates were ground
ith 1 0 mesh Al2O3 a  pape . Th final olish ng was carried out
.5 µm diamon  on n on c th. S ples for crostructure 
o
washed with ethanol and dried. 
Samples for extracting the precipitates were then electro-polished in an 
solution (10% acetyl acetone + 89% methanol + tetramethyl ammonium 
chloride), and then spray coated with a carbon extraction replica. Electrolytic 
stripping was also carried out in AA solution, then the carbon films were washed 
with 50% aqueous ethanol solution, repeatedly with 80% aqueous ethanol 
solution and ethanol, and  then the carbon films were put into distilled water and 
picked up with the copper mesh and dried for TEM use. H800 TEM and FEI 
Tecnai G2 HRTEM were used for the analysis. 
Sheet samples with a thickness of 0.5 mm were cut from the steel plate at 1/4 
location in thickness, then the samples were ground into foils with a thickness of 
0.06 mm by sand paper, and then the foils were punched to make discs with a 
diameter of 3 mm, and the discs were ground to thickness of 0.03 mm. The 
samples were then electrolytically double thinner reduced to the central 
perforation in solution (90% ethanol + 10% perchloric acid solution), and then 
the thin films were washed with ethanol and dried for TEM use. H800 TEM and 
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M for phase morphology, and then an FEI Tecnai G2 HRTEM 
quipped with energy dispersive spectrometer (EDS) was used to identify the 
precipitates combined with selected area electron diffraction (SAD) patterns. 
Finally, a quantitative analysis of the precipitates was carried out using ordinary 
quantitative metallographic methods, the average diameter (d) was measured and 
the number of particles per unit area (Ns) from the electron micrograph was 
counted. Thin film samples were first examined by the H800 TEM and then FEI 
Tecnai G2 HRTEM was used for high resolution observation of the particles and 
the image of crystal lattice. 
3.12 Summary 
In this chapter the principle instruments and experimental methodology 
necessary to successfully complete the experimental work have been described.
3.11.3 Experimental procedure 
Microstructures and precipitates were first examined using the Leica DMR-HC 
optical microscope (OM). The carbon replicas with precipitates were examined 
by an H800 TE
e
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CHAPTER 4 
A STUDY ON THE MICROSTRUCTURE, MECHANICAL 
PROPERTI ELLAB  
MEL TEEL
.1 Introduction 
nd the main research work carried out is listed as follows: 
i. An analysis of the microstructure and mechanical properties of hot rolled 
heavy plate steels; 
ii. A decarburisation annealing experiment to remove carbon from the 
surface layer; 
iii. A physical simulation of the enamel firing process to determine 
variations in the microstructure and mechanical properties of the steel 
substrate; 
iv. An evaluation of enamellability and fishscaling, and the condition of 
bubbles in the layer of enamel; 
v. Adherence bending test and analysis of the interface; 
vi. Scanning electron microscope analysis of the enamel layer and transition 
zone across the interface; 
 
 
ES, ENAM ILITY, AND WELDABILITY
OF ENA LING S S 
 
4
In this chapter a preliminary study on hot rolled steel plate for enamelling was 
conducted a
CHAPTER 4 A STUDY ON THE MICROSTRUCTURE, MECHANICAL PROPERTIES, 
ENAMELLABILITY, AND WELDABILITY OF ENAMELLING STEELS 
 84
g. 
fter finishing the work, an overall understanding of hot rolled heavy plate steels 
for enamelling will be achieved. 
4.2 Microstructures and mechanical properties of as-rolled steels  
The microstructures of as-rolled CB1 and TB1 steels are shown in Figure 4.1. 
The microstructures of the CB1 steel are ferrite and pearlite with some band 
structure, while the main microstructure of TB1 steel is ferrite with just a little 
pearlite, because the carbon content of TB1 steel is lower than the CB1 steel. The 
Fe-C phase diagram shows that a lower carbon content causes less pearlite to 
form due to the lever law. The grain sizes of the CB1 and TB1 steels are 17.7 µm 
and 22.9 µm, respectively. 
 
vii. Weldability and variation in the microstructure during welding and 
enamellin
A
  
(b)(a) 
Figure 4.1 OM Micrographs of the as-rolled CB1 and TB1 steels: (a) CB1 
steel, and (b) TB1 steel 
 
The mechanical properties of the CB1 and TB1 steels are shown in Table 4.1. 
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A  (J) 
 
Table 4.1 Mechanical properties of the TB1 and CB1 steels 
kvSteel length ×width× thickness (MPa) (MPa)
Dimension of steel plate 
(mm) 
YS TS A
20 ºC 0 ºC -20 ºC -40 ºC
50 
(%)
CB1 10000×4000×16 275 435 45.5 160 136 133 60 
TB1 2000×400×16 280 385 46.0 173 25 10 - 
 
4.3 Results and discussion on decarburisation annealing experiment 
Figure 4.2 show
4.3.1 Effect of time and temperature on the depth of decarburised layer 
s the microstructure near the surface of the as-rolled and 
decarburised samples. It can be seen from the photos that there is no decarburised 
e surface 
t the 
llowing evaluation of enamellability. If the annealing temperature is too high 
r the time taken is too long, the mechanical properties may deteriorate and the 
layer on the sample of as-rolled surface, but after decarburisation annealing heat 
treatment, a partly or completely decarburised layer occurred on th
regardless of whether the temperature was higher or lower or the time was long 
or short. The deepest completely decarburised layer was about 250-270 µm on 
sample 4, when its annealing parameters were 780 ºC and 130 min respectively. 
The depth of decarburised layer of each sample is shown in Table 4.2. It shows 
that the decarburised layer deepens as the annealing temperature and soaking 
time increase, and the layer changes from being partly decarburised to 
completely decarburised. Actually we do not know which depth is the best for a 
defect free (especially no carbon boiling defect) enamelling process withou
fo
o
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urface layer may become over oxidised, and finally, the cost of the steel will rise 
too, so the optimal parameters of the decarburisation annealing heat treatment 
should be determined by more experiments and other evaluations of 
enamellability. 
 
s
   
(a) (b) (c) 
(d) (e)
  
 Surface microstructure of the CB1 steel: (a) as-rolled, (b) 
annealed at 700 ºC for 40 min, (c) annealed at 700 ºC for 130 
min, (d) annealed at 780 ºC for 40 min, and (e) ann
Figure 4.2
ealed at 780 
ºC for 130 min 
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parameters 
Treatment Depth of decarburised Characteristics of Sample 
 
Table 4.2 Depth of decarburised layer of the CB1 steel at different annealing 
method Parameters layer (µm) decarburised layer No. 
Hot rolling / 0 / / 
700 ºC, 40 min 100 Partly 1 
700 ºC, 130 min 180~200 Completely 2 
780 ºC, 40 min 140-170 Completely 3 
Decarburisation 
annealing 
780 ºC, 130 min 250-270 Completely 4 
 
4.3.2 Effect of decarburisation annealing on microstructures and mechanical 
, indeed they have 
hance plasticity but it may also decrease 
e strength of the metal, and while its strength at this stage is not for final usage, 
nd the steel will be coated with frit and fired and cooled one or many times in 
e following enamelling process, so the strength of the sample was not tested 
properties 
Figure 4.3 shows the microstructures at the 1/4 location in the thickness of the 
as-rolled and decarburised samples. It can be seen from Figures 4.2 and 4.3 that 
the grains of the annealed samples have not become coarser
been refined to some extent, and also the cementite has become spheroidised 
which can diminish the band structure and modify the anisotropy of the 
mechanical properties. The other reason for the disappearance of the band 
structure after annealing is the homogenisation of the composition during 
annealing which can eliminate segregation during the slab casting process. 
Annealing heat treatment will greatly en
th
a
th
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fter annealing, since the sample was small in size and the amount of steel plate 
 
a
was insufficient. 
   
  
(a) (b) (c) 
(d) (e)
Figure 4.3 Microstructure of the CB1 steel at 1/4 location in the thickness: (a) 
t 700 ºC 
for 130 min, (d) annealed at 780 ºC for 40 min, and (e) annealed 
at 780 ºC for 130 min 
 
The CB1 steel is Al-killed and Ti-bearing steel, so there are lots of AlN, TiC or 
TiN precipitates being dispersed in the steel substrate and at the grain boundary. 
One of the most important functions of these particles is that they will act as 
retarding or pinning objects to stabilise the grain boundary and make it 
immovable when the steel is annealed or normalised, even at temperatures higher 
as-rolled, (b) annealed at 700 ºC for 40 min, (c) annealed a
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than 900 ºC. For temperatures lower than 900 ºC, only a proper quantity of AlN 
particles will keep the grain size of the ferrite or austenite, but at temperatures 
higher than 900 ºC, AlN will be dissolved in the steel substrate and lose its 
functions, so the addition of an element of Ti will replace the Al and form TiC, 
TiN or Ti(C, N) precipitates. The solution temperature of TiN in the steel matrix 
is very high, even up to more than 1200 ºC, which can actually refine the grains 
when the steel is reheated before hot rolling. So the CB1 steel can keep the grain 
size after being annealed at temperature 780 ºC, while the decrease of strength 
after annealing is due to the disappearance of the dislocation that occurred at the 
hot rolling stage. 
4.4 Results and discussion on firing simulation experiment 
 
 
4.4.1 Variation in the microstructure of steel substrate after firing 
Figure 4.4 shows the microstructures of the as-rolled steel samples and the 
samples of steel after firing. Figure 4.4 (a), (b) and (c) show that the grains of the 
TB1 steel after being fired multiple times were refined and decreased from an 
average of 22.9 µm for the as-rolled steel to 18 µm after firing in a two firing 
plan, and the particles of cementite or carbides decreased and became more 
dispersed after being fired many times. The reasons for these changes in the TB1 
steel are similar to the above discussion on the decarburisation annealing 
experiment, because the TB1 steel is also an Al-killed and Ti-bearing steel. 
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(a) (b)
   
  
(c) 
(d) (e)
100µm 100µm
100µm 
Figure 4.4 OM Micrographs of the TB1 and CB1 steels at 1/4 location in the 
thickness: (a) as-rolled TB1 steel with average grains of about 
22.9 µm, (b) TB1 steel after firing 7 times in plan I with an 
 
plan II with average size of about 18.2 µm, (d) as-rolled CB1 steel 
f about 17.7 µm, and (e) CB1 steel after firing 
average size about 17.9 µm, (c) TB1 steel after firing 7 times  in
with average size o
7 times in plan II with average size of about 13.5 µm 
 
A similar change also happened to the cementite in the CB1 steel. Moreover, the 
grains in the CB1 steel were also refined after firing and the grains decreased in 
size from an average of 17.7 µm for the as-rolled steel to 13.5 µm for the fired 
steel, as shown in Figure 4.4 (d) and (e). This change in the microstructure of 
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ning elements such as Al, V, and Ti. 
Table 4.3 and Figures 4.5 and 4.6 show that the yield and tensile strengths of the 
TB1 steel decreased to some extent after firing, but the impact energy increased  
significantly, particularly at the lower temperatures of 0, -20 and -40 ºC. The 
yield and tensile strengths of the TB1 steel fired by plan II decreased more than 
that fired by plan I, but the impact energy of the TB1 steel fired by plan II 
increased more than that fired by plan I. 
 
 
 
 
CB1 steel shows that the mechanical properties will be enhanced, because the 
grain refining will enhance the strength of the steel according to the Hall-Petch 
relationship. Normalising heat treatment can normally refine the grain size, 
especially when the steel contains some refi
The carbides or nitrides of these elements can pin the grain boundary when the 
steel is heated, and then act as nuclei combining with some inclusions to form 
new grains when the austenite decomposes to ferrite and cementite. While, the 
grain of the TB1 steel was not refined after firing/normalising many times, this 
can be the result of a lower carbon content and insufficiency of the carbides. 
4.4.2 Variation in the mechanical properties of steel substrate after firing 
The mechanical properties of the TB1 and CB1 steels in different firing plans and 
as-rolled conditions are shown in Tables 4.3 and 4.4 respectively, while the 
changing tendency of the strength and impact energy of the samples after firing, 
compared to as-rolled samples, are shown in Figures 4.5-4.7. 
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Table 4.3 Mechanical properties of the samples of as-rolled and fired TB1 
steel with different plans 
Akv (J) 
Steel Treatment method 
YS 
(MPa)
TS 
(MPa)
A5 or A50
(%) 20 ºC 0 ºC -20 ºC -40 ºC
As-rolled 280 385 46 (A50) 173 25 10 - 
Plan I firing 
simulation 250 355 43 (A5) 282 263 255 14 TB1 
Plan II firing 
simulation 240 353 42 (A5) 283 287 268 15 
 
Table 4.4 Mechanical properties of the samples of as-rolled and fired CB1 
steel 
Akv (J) 
Steel Treatment method 
YS 
(MPa)
TS 
(MPa)
A5 or A50
(%) 20 ºC 0 ºC -20 ºC -40 ºC
As-rolled 275 435 45.5 (A50) 160 136 133 60 
CB1 Plan II firing 
simulation 283 430 40 (A5) 205 178 150 139 
 
0
100
200
300
400
500
As-rolled PlanⅠFiring
Simulation
PlanⅡFiring
Simulation
St
re
ng
th
/M
Pa
Yield Strength
Tensile Strength
  
Figure 4.5 Strength of the TB1 steel at different conditions 
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Figure 4.6 Impact energy of the TB1 steel at different conditions 
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Figure 4.7 Impact energy of the CB1 steel at different conditions 
 
 
The difference in strength between two plans is mainly due to the temperature of 
the last firing heat treatment. The firing temperature in plan II was 860 ºC which 
is much lower than the 920 ºC in plan I, so the carbides did not solute completely 
and precipitate again, otherwise the strength would be lower, and while the 
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the carbides in the 
icrostructure of Figure 4.4(c) are less than in Figure 4.4(b), especially at the 
grain boundary and the corner, so the microstructure of Figure 4.4(c) should be 
tougher than that of Figure 4.4(b), and it is also demonstrated by the actual 
impact energy which is shown in Table 4.3 and Figure 4.6. The significant 
change in impact energy between the as-rolled steel and the steel fired many 
times can partly be explained by the normalising heat treatment and change in the 
quantity and distribution location of the carbides. 
Table 4.4 and Figure 4.7 shows that the yield strength of the CB1 steel increased 
but the tensile strength decreased slightly after simulated firing, although the 
impact energy increased, especially at the lower temperature -40 ºC. The 
variation in the strength and impact energy agrees with the change of 
microstructures shown in Figure 4.4(d) and (e). The enhancement of the yield 
strength and impact energy could be ascribed to the refinement of the 
microstructu
The results of the firing experiment indicate that the mechanical properties of the 
as-rolled steel plate are not the decisive factors, and they can be modified by the 
proper firing parameters in the following enamelling process. 
impact energy is much more complicated it should be determined by all the firing 
processes because a lower normalising temperature usually results in higher 
toughness and lower strength. Figure 4.4 shows that 
m
res. 
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4.5 Results and discussion on enamellability evaluation experiment 
s a cross section of the enamel layers of the four smaller 
 surfaces of the tested samples, apart from some scratches, and there 
 
4.5.1 Resistance to fishscaling 
The large 300 mm × 160 mm ×16 mm (length × width × thickness) sample 
welded and industrially enamelled, and the smaller 80 mm × 80 mm × 6 mm 
(Length × width × thickness) samples for adherence bending tests, were all 
examined for fishscaling. Figure 4.8 shows the surface of the enamel of the large 
samples. Figure 4.9 show
samples for bending tests. All the pictures reveal that that no fishscales were 
found on the
were no traces of fishscale on the cross section. The results show that all the four 
test steels are not susceptible to fishscaling. 
Fishscaling is caused by an excess of hydrogen dissolved into the steel during 
enamelling because its solubility decreases steeply while cooling down as the 
hydrogen moves towards the steel/enamel interface in quantities that can cause 
fishscaling, even after a lapse of time. Fishscaling is correlated with the 
diffusivity of H in steels. A low coefficient of diffusion is associated with little or 
no fishscale, whereas a high coefficient of diffusion causes a heavy formation of 
fishscale. It has been concluded that micro-voids and fine coherent precipitates 
are the main trapping sites for H in low-carbon and Ti-bearing steel, respectively. 
In this study QB, CB1, and CB1D are hot rolled low carbon steels, where it 
seems that no micro-voids existed in the hot rolled steels, so the mechanism of a 
low susceptibility of the three steels to fishscaling needs further study. TB1 is a 
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rapping sites for hydrogen which decrease the coefficient of diffusion of 
ydrogen in steel. Further research into the trapping sites and diffusivity of 
hydrogen in steels is needed to understand the mechanism of fishscaling. 
 
V-Ti-bearing hot rolled steel, and the mechanism of a low susceptibility of this 
steel to fishscaling could be explained as the precipitates of Ti and V acting as 
the t
h
  
  
(b)(a)
(c) (d)
20mm 20mm
20mm 20mm
Figure 4.8 Surface conditions of the large samples of the four steels welded, 
enamelled and compared: (a) QB steel, (b) TB1 steel, (c) CB1 steel, 
and (d) CB1D steel (CB1 decarburised at 780 ºC for 130 min) 
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(a) (b)
Enamel 
l
Steel  
 
  
(c) (d)
Figure 4.9 OM Micrographs of cross sections of enamel layers of four steels 
without etching: (a) QB steel, (b) TB1 steel, (c) CB1 steel, and (d) 
CB1D 
 
4.5.2 Size and distribution of bubbles 
Figure 4.10 shows the general condition of the enamel and the size and 
distribution of bubbles in the enamel of the four compared steels. The layer of 
ground layer
and cohesive. Genera
terface, while more small bubbles occurred further away from the interface. 
enamel is about 1.5 mm thick, no obvious interfaces occurred between the 
 and each layer of over glaze, and the layer of enamel is integrated 
lly, there are more big bubbles near the enamel/steel 
in
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he size and distribution of bubbles in the QB steel (Figure 4.10(a)) and TB1 
condition that also occurred on the 
cause the layer of enamel was 
thick enough, no single bubble penetrated the whole layer. 
 
T
steel (Figure 4.10(b)) are almost the same, a 
CB1 and CB1D steels (Figure 4.10(c) and (d)). Be
 
(a) 
 
  
(b)Bakelite 
Enamel 
l
Steel  
(c) (d)
Figure 4.10 OM Micrographs of bubbles in enamel layers of four steels 
CB1D steel 
 
without etching: (a) QB steel, (b) TB1 steel, (c) CB1 steel, and (d) 
than that with more and larger bubbles. If the layer of enamel is thin and the 
The size and distribution of the bubbles affected the properties of the enamel, 
especially when working in a corrosive environment. In general, bubbles are 
defects in the enamel, so enamel layer with smaller and fewer bubbles is better 
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B and TB1 steels with regard to the size and 
istribution of bubbles. 
4.5.3 Change in the microstructure of steel substrate in industrial 
enamelling 
crostructures of the industrially enamelled samples are shown in Figures 
4.11 and 4.12. It can be seen that the grains of the substrate did not coarsen after 
being fired 7 times. By further comparing the microstructures of the as-rolled 
samples and the industrially enamelled samples shown in Figure 4.12, it can be 
seen that the grains of CB1 steel have been refined from an average of 17.7 to 10 
µm after firing, and the TB1 steel has been refined from 22.9 to 13.6 µm. . As 
bubble is big enough, it would cause a pin hole in the enamel which would 
reduce the ability of the enamel to protect the steel substrate. However, bubbles 
are unavoidable in the enamelling process because the carbon and other elements 
or phases will react with the water and oxide in the enamel frit, and then gases 
such as CO2, CO, H2O and H2 will be emitted as the firing process continues 
which then form bubbles in the enamel. Figure 4.10 shows that the CB1 and 
CB1D steels were better than the Q
d
The mi
discussed previously, the firing process is similar to normalising heat treatment, 
and this normalisation can refine the grains, so in effect, the grains can be refined 
through the firing processes. This result indicates that we can test the mechanical 
properties of the as-rolled steel, and it is not necessary to consider the mechanical 
properties after the final parts or the vessel have been fired. If the mechanical 
properties of the as-rolled steel satisfy the technical requirements of the user, 
then the final properties of the vessel must be suitable for use. The change of 
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microstructure that occurred in the industrial enamelling experiments is similar to 
the simulated experiments of firing in the laboratory, which is shown in Figure 
4.4. 
 
(a) (b)
  
(d)(c) 
Steel 
Enamel layer 
   
Figure 4.11 Surface microstructure of the substrates of the four steels after 
etching: (a) CB1 steel, (b) CB1D, (c) QB steel, and (d) TB1 steel 
 
Figure 4.11(a) and (b) show that the decarburised layer remained on the 
enamelled side of CB1D steel. This decarburised layer existed on the original 
CB1D plate before the experiment with enamelling and developed during the 
enamelling processes because the original decarburised layer of CB1D steel 
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should be less than 300 µm thick, as shown in Table 4.2. Now, after enamelling, 
the decarburised layer became about 400 µm thick. The other microstructures 
shown in Figure 4.11 indicate no obvious decarburised layer occurred during the 
enamelling process, so it will not make the decarburised layer disappear even if 
the firing temperature is higher than the austenising temperature of the steel. 
Moreover, the enamelling process will not decarburise the surface layer of the 
steel substrate. 
 
  
100µm 
(a) 
  
(b)
(c) (d)
Figure 4.12 Microstructure of as-rolled and industrial enamelled steel of 
CB1 and TB1 steels: (a) as-rolled CB1 steel, (b) enamelled CB1 
steel with average grain size 10 µm, (c) as rolled TB1 steel, and 
 
 
 
(d) enamelled TB1 steel with average grain size 13.6 µm 
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.6 Results of adherence bending test 
.6.1 Pin-hole examination of the ground layer 
The main purpose of the ground layer is to create adherence between the enamel 
and the steel. When the ground layer had been fired, the surface of the layer was 
examined. The pin-holes in the ground layer of the TB1 steel were the finest, 
which means that the gas emitted from the TB1 steel/enamel interface was the 
least because the content of carbon and cementite of this steel was the lowest of 
the four steels tested. The carbon in the steel substrate will react with the water 
and oxygen, or the oxide in the frit of the ground layer when firing commences 
gases like CO, CO2, and H2 will form and emit from the reacting interface to form 
bubbles in the enamel and pin-holes in the surface of the ground layer when the 
bubbles of gas reach the surface and split. The pin-holes of the ground layer on 
content was s
4.6.2 Bendin
After all the
ending tests were conducted on the samples to evaluate adherence between the 
 
4
4
the other three CB1, CB1D, and QB steels were similar because of their carbon 
imilar. 
g test 
 layers of enamel have been coated onto the samples and fired, 
b
substrate and the enamel; the results of these tests are shown in Table 4.5. 
The morphologies of the now destroyed layers of enamel reveal some white 
stripes on the CB1, CB1D, and TB1 samples, but none on the QB samples. The 
white stripe is actually an area where the substrate steel surface disclosed when 
the outer layer of enamel split. The substrate surface did not react or bonded very 
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el 
Table 4.5 Results of adherence bending tests 
well to the enamel during firing, as indicated by the occurrence of white stripes.  
The results of the bending tests showed that QB steel had the best adherence and 
the TB1 steel had the worst adherence, because it had more white stripes. 
Adherence onto the CB1 and CB1D steels was the same, worse than the QB ste
but better than the TB1 steel, this means that the decarburised layer cannot 
enhance adherence at the interface. 
 
Steel QB CB1 CB1D TB1 
Test 1 
 
Test 2 
 
 
Although the bubbles were the same for the QB and TB1 steels, adherence of the 
enamel to the substrate between them was quite different. Adherence onto the 
QB steel was the best of the four steels and onto TB1 steel was the worst. This 
phenomenon could partly be explained from the fact that more bubbles had 
formed at the interface on the TB1 steel, as shown in Figure 4.10. These bubbles 
decreased the bonding area and created cracks so that when pressure was exerted 
during the bending test, it affected the adherence. V and Ti were added to the 
TB1 steel so the smut deposited on the surface (carbide, nitride or carbonitride 
White 
t i
40mm 
CHAPTER 4 A STUDY ON THE MICROSTRUCTURE, MECHANICAL PROPERTIES, 
ENAMELLABILITY, AND WELDABILITY OF ENAMELLING STEELS 
 104
4.6.3 Morphology and analysis of the enamel/steel interface 
It has already been discussed that adherence appears to be primarily a mechanical 
bonding [36, 83], where a massive precipitation of metallic particles at the 
interface in the form of alloy dendrites forms a continuous solid solution with Fe, 
at generates a micro roughness where the enamel is mechanically retained onto 
the surface. This physical cohesion is generated by a succession of chemical 
reactions at the interface that occur during the firing process. 
The difference in adherence can be explained from an examination of the 
icrostructure of the enamel/steel interfaces with a scanning electron microscopy, 
which is shown in Figure 4.13. 
Figure 4.13(a) shows that the islands are interconnected and form anchor points 
at the interface of the QB steel which increases the roughness of the interface. 
ood adherence stems from having high density anchor points at the 
enamel/steel interface, a phenomenon that has also been reported by previous 
researchers [41]. Figure 4.13(b) shows the interface of the TB1 steel where the 
roblem of having less anchor points, smooth interface line, and more gas 
precipitates of these elements) acted as trapping and pinning sites for the gas and 
gas bubbles respectively, so more gas bubbles remained on the interface which 
subsequently decreased adherence. 
Adherence of the CB1 and CB1D steels was medium and no evidence was found 
from the above analysis to show any difference between these two steels. 
Therefore other analyses will be carried out in the following work. 
th
m
G
p
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ubbles at the interface contribute to the resulting poor adherence. The condition 
of this interface agrees with the results of the bending tests. Figure 4.13(c) and (d) 
show the interface of the CB1 and CB1D steels where their conditions are the 
same and the moderate mechanical bonding resulted in medium adherence in the 
four steels tested. These alloy dendrites at or near the interface and its electron 
diffraction spectrum (EDS) are shown in Figure 4.14. The mechanical 
interlocking formed by interconnected islands (anchor points) contributes most of 
the interface adherence. 
 
b
  
(a) 
Steel 
  
Enamel 
l
(b)
(d)(c) 
Figure 4.13 Typical morphology of the enamel/substrate interface of the four 
steels after etching: (a) QB steel, (b) TB1 steel, (c) CB1 steel, and 
(d) CB1D steel 
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 Typical interface morphology ofFigure 4.14  enamel layer on substrates of 
the two steels after etching: (a) QB steel, (b) TB1 steel, and (c) 
EDS spectrum of dendrites in (a). Here, in (a) and (b), a labels 
Fe-rich ‘dislodged’ particles; b, Fe-rich dendrites inside the 
bubbles; c, mechanical interlocking-anchor points; d, Fe 
diffusion layer 
 
The dendrite, whether ‘dislodged’ or connected to the interface, forms a 
continuous solid solution with Fe. This generates micro-roughness where the 
enamel is mechanically interlocked with the surface of the steel. This physical 
cohesion is generated by a series of chemical reactions that produce bonding at 
the interface during firing. This is the nature of the adherence at the enamel/steel 
interface. Some Fe-rich dendrites were found inside the bubbles near the 
(b)
a d c
Steel 
b 
a c
d
Enamel layer
(a) 
(c) 
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4.14(c). Iron
that a layer o (b)). 
ral 
elements across the layer of enamel and the interface. From the results it can be 
seen that the enamel/steel interface of these three scanned steels QB, CB1D, and 
TB1, is a transition zone approximately 100-150 microns wide. In the transition 
zone the concentration of silicon reaches its peak value and then decreases 
sharply to a normal content in the steel substrate, while the iron increases steeply 
from its normal content in the enamel to a high content in the steel substrate. 
The main content of this vitreous enamel frit is SiO2, and the Fe and FeO from 
the steel react with the H2O and SiO2 from the frit to form fayalite (Fe2SiO4), 
according to the following reaction (4.1): 
chieved. Therefore, adherence is generated 
by mechanical bonding first, followed by chemical reactions at the interface 
during firing. The fayalite phase in the interface transit zone was also confirmed 
by Paparazzo et al. [39] and Lupescu et al. [40]. Experimental evidence is given 
interface, and a chemical analysis of these dendrites by EDS is shown in Figure 
 was also found in the enamel near the interface. The results confirm 
f diffused Fe exists near the interface (see Figure 4.14(a) and 
Figures 4.15, 4.16, and 4.17 show the SEM results of the distribution of seve
FeO(steel) + silicate(enamel) = iron silicate(interface)                                      (4.1) 
The presence of fayalite as a transition interface layer leads to a chemical 
bonding which is the essential factor required for strong adherence. To achieve 
this condition the oxide in a low valence was completely dissolved by the molten 
glass, a steel-enamel bond is formed by a single phase and then a good adherence 
between the enamel and the steel is a
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that good adherence is characterised by a fully reacted iron silicate phase which 
produces a local chemical continuity between the steel and the enamel, whereas 
the bad adherence is associated with a heterogeneous mixture of an iron silicate 
phase plus FeO, which does not have a reaction. The proper firing temperature 
should be considered to obtain a fully reacted iron silicate phase and good 
chemical adherence. 
From the results above, it can be concluded that the interface cohesion is mainly 
decided by the mechanical interlocking and the chemical reaction bonding 
between the enamel and steel substrate during firing process. 
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(a) 
Enamel 
l
Steel
Transition zone 
 
 
(b) 
Steel 
Transition zone 
Figure 4.15 SEM line scan analysis of elements in the enamel and substrate 
of the QB steel: (a) location of the scanning line and interface 
transition zone, and (b) distribution of different elements along 
the scanning line 
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Figure 4.16 SEM line scan analysis of several elements in the layer of enamel 
and substrate of CB1D steel: (a) location of the line scanning 
and interface transition zone, and (b) distribution of different 
elements along the scanning line 
(a) 
(b) 
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Figure 4.17 SEM line scan analysis of the C, Ca, Si, O, Al, V, Ti and Fe in 
the enamel layer and substrate of the TB1 steel: (a) location of 
the line scanning and interface transition zone, and (b) 
distribution of different elements along the scanning line 
(a) 
(b) 
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4.6.4 EDS analyses of enamel layer and bubbles 
The chemical composition of the layer of enamel has been analysed by an SEM 
energy dispersive spectrometer (EDS), and the result is shown in Figure 4.18. It 
is well known that the main compositions of enamel frit are some mixed oxides, 
and SiO2 is the main oxide in vitreous enamel frit. Figure 4.18(b) shows that the 
this result is i
The EDS re
transition zon
in Figures 4.1
main elemen
, while the main element at the centre of the bubble 
near the interface is iron. This result also shows that the iron from the steel 
substrate diffuses to the enamel layer and reacts with the SiO2 to form a transition 
zone, and achieves the chemical adherence of the enamel/steel interface. All the 
enamelled steels have similar results. 
 
 
 
 
 
 
main compositions are SiO2, Na2O, K2O, Al2O3, CaO, and some other oxides, 
n good agreement with the enamel frit listed in Table 3.10. 
sults of a bubble further away from the interface (outside the 
e) and close to the interface (inside the transition zone) are shown 
9, and 4.20 respectively. Figures 4.19(b) and 4.20(b) reveal that the 
t at the centre of the bubble is silicon, which is similar to the normal 
mean content of the enamel
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Spectrum 
(a) 
 
EDAX ZAF quantification (standardless); element normalised; SEC Table: default. 
Element App (Con
Intensity  
(Corrn.) 
Weight 
(%) 
Weight% 
(Sigma
Atomic 
(%) c.) ) 
O K 15.20 0.8231 34.63 0.89 53.10 
Na K 2.75 0.8086 6.37 0.33 6.80 
Al K 1.33 0.8170 3.04 0.21 2.76 
Si K 14.93 0.8668 32.25 0.66 28.17 
K K 1.41 0.9748 2.72 0.20 1.70 
Ca K 1.03 0.9447 2.04 0.18 1.25 
Fe K 5.17 0.8614 11.25 0.45 4.94 
Ni K 0.41 0.8631 0.88 0.28 0.37 
W M 2.70 0.7417 6.81 1.08 0.91 
Totals   100.00   
Figure 4.18 SEM micrograph of the enamel layer and EDS spectra at the 
centre of the enamel layer: (a) enamel layer, and (b) EDS 
spectrum of the centre of the layer 
(b) 
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(a) 
Spectrum 
 
 
(b) 
Figure 4.19 SEM micrograph of a bubble far from the interface of the TB1 
sample and EDS spectra of the centre of the bubble: (a) bubble 
 
 
micrograph, and (b) EDS spectrum of the centre of the bubble 
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(a) 
Spectrum 
 
 
(b) 
Figure 4.20 SEM micrograph of a bubble near the interface of the TB1 and 
EDS spectra of the centre of the bubble: (a) bubble micrograph, 
 
4.6.5 Surface morphology and EDS analyses of the bent samples 
After the adherence bending tests some layers of ename
and (b) EDS spectra of the centre of the bubble 
l peeled off from the steel 
completely and disclosed as white stripes, while some remained partly at the 
surface and enamel/steel interface. This has been shown in Table 4.4. To 
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bbles inside the 
ansit zone prove that it is a product of the chemical reactions at the interface 
n the enamel is being fired; these products can form and precipitate as 
endrites on the wall of the gas bubble. 
) and (d) that the wall of bubbles away 
om the enamel/steel interface is smooth, while on the wall of the bubble inside 
e transition zone (near the enamel/steel interface), which is shown in Figure 
dendrites. The EDS spectra of the steel 
ubstrate and Fe-rich dendrites are shown in Figure 4.23(e) and (f), the results of 
hich show that the compositions are similar. 
 
 
 
 
 
compare the difference in adherence between the QB and TB1 steels, the 
morphologies of the peeled surface of the two steels were observed. Figures 4.21 
and 4.22 show the distribution and character of the bubbles in the layer of enamel 
that remained on the TB1 steel, and at the interface. Morphology at the interface 
where layer of enamel peeled off completely was also shown in Figure 4.21, 
while Figure 4.23 shows the corresponding results of the QB steel. 
Figure 4.21(b) shows that the wall of bubbles far from the enamel/steel interface 
is smooth, while on the wall of the bubble near the enamel/steel interface, shown 
in Figure 4.22(a) or just at the interface in Figure 4.21(d), there are lots of Fe-rich 
dendrites. The EDS spectra of the Fe-rich dendrites are shown in Figures 4.21(e) 
and 4.22(b). These dendrites only occurred in the inner wall of bu
tr
whe
d
It can also be seen from Figure 4.23(b
fr
th
4.23(c) and (d), there are lots of Fe-rich 
s
w
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(a) 
  
  
Figure 4.21 SEM micrograph of the enamel layer and steel surface and 
results of the EDS analysis of the TB1 steel: (a) bubble 
the white rectangle in (a), (c) surface morphology where enamel 
layer fully peeled, (d) magnified micrograph of the area 
dendrites on the wall of the bubble located on the enamel/steel 
interface, and (f) EDS spectra of the enamel embedded in the 
distribution, (b) magnified micrograph of the area encircled by 
encircled by the white rectangle in (c), (e) EDS spectra of the 
steel substrate 
(f)
(b)
(c) (d)
(e) 
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(a) 
 
 
(b) 
EDAX ZAF quantification (standardless); element normalised; SEC Table: default. 
Element App (Conc.) 
Intensity 
(Corrn.) 
Weight
(%) 
Weight% 
 (Sigma) 
Atomic
(%) 
O K 7.93 1.3459 3.72 0.42 11.77 
Si K 1.18 0.5742 1.29 0.17 2.33 
Fe K 144.69 0.9916 92.17 0.65 83.48 
Ni K 3.84 0.8621 2.81 0.50 2.42 
Totals   100.00   
Figure 4.22 SEM micrograph of a bubble near the enamel/steel interface of 
the TB1 steel: (a) Fe-rich dendrites on the wall of the bubble, 
and (b) EDS analysis of the dendrites 
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(f)
(a) (b)
(c) (d)
(e) 
Figure 4.23 SE
hology where the layer peeled 
off completely, (d) magnified micrograph of the bubble 
encircled by the white rectangle in (c), (e) EDS spectra of the 
M micrograph of the enamel layer and steel surface and EDS 
analysis results of the QB steel: (a) bubble distribution; (b) 
magnified micrograph of the area encircled by the white 
rectangle in (a), (c) surface morp
steel substrate, and (f) EDS spectra of the dendrites on the wall 
of the bubble near the enamel/steel interface 
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4.7 Welding and industrial enamel firing 
environment and parameters are shown in Figure 4.24. The pictures show that 
where the porcelain enamel covers the welding seam and heat affected zone is 
integral and smooth, while the results of the the welding and industrial firing 
tests show that all the steels are weldable and have good enamellablility. 
 
 
The results of the welding test show that all test steels have good weldability. All 
the samples after welding and enamelling under an industrial production 
    
Welding 
seam
Welding 
seam
Welding 
seam
(a) (b) (c) (d) 
60mm 
Figure 4.24 Morphologies of samples after welding and industrial enamel 
firing: (a) QB steel (no welding seam), (b) CB1 steel, (c) CB1D 
steel, and (d) TB1 steel 
 
4.7.1 Microstructure at the welding seam, HAZ and base metal 
Figure 4.25 shows the microstructures of a welded plate of CB1 steel at different 
locations of the weld metal, fusion line, heat affection zone and base metal. 
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Figure 4.25 OM micrographs at different locations of the welded plate of 
CB1 steel: (a) weld metal, (b) fusion line, (c) heat affection zone, 
 (d) HAZ and base metal 
It can be seen that the grains are coarser, especially at the fusion line and heat 
affected zone, and the biggest grain could be nearly 100 µm. The microstructures 
of the weld metal are mostly acicular ferrite and some proeutectoid ferrite, as 
shown in Figure 4.25(a), while the microstructures at the fusion line and heat 
affected zone are bainite with coarse grains (Figure 4.25(b) and (c)). Some ferrite 
and pearlite occur at the fine grain zone of HAZ where it is less affected by heat 
from the welding. The base metal microstructures are ferrire and pearlite. The 
different microstructures were caused by different temperature and cooling speed 
and
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 and enamelled CB1 steel at 
l times. There is no coarse grain zone and the 
tal (Figure 4.26(a) and (b)). The 
acicular ferrite, the bainite at the weld metal and HAZ were transformed to 
become equi-axed ferrite and pearlite, and the grain size of the base metal and 
weld metal were almost the same at 10-20 µm, as shown in Figure 4.26(c) and 
(d). The grain refinement is due to the effect of multiple normalising during the 
industrial enamel firing process, although a lower firing temperature at the 
ground layer will not coarsen the grains of austentite significantly, and then the 
following transformed grains of ferrite and pearlite were refined. 
 
 
 
 
during welding process. Because the grains are very big at HAZ, the impact 
energy of this zone is much lower than the base metal. 
Figure 4.26 shows the microstructures of the welded
different locations. It can be seen that the grains have become normalised and 
refined after being fired severa
HAZ disappeared, only the fusion line can be seen due to the different chemical 
compositions, quantities of pearlite and changes in direction of the band of 
microstructures from base metal to weld me
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magnification showing the microstructure at different location 
Ti-bearing steel, there are a lot of AlN, 
Ti(C, N) precipitates dispersing in the steel substrate. One of the most important 
functions of these particles is that they act as retarding or pinning objects to make 
the grain boundary stable and unmovable when the steel is annealed or 
normalised, even at temperatures higher than 930 ºC. For temperatures lower 
than 930 ºC, only a proper quantity of AlN particles can maintain the grain size 
of the ferrite or austenite, but for temperatures higher than 930 ºC, AlN will 
Weld Metal 
Base Metal 
Enamel 
Figure 4.26 OM micrographs of the welded and enamelled plate of the CB1 
steel: (a) lower magnification picture shown the microstructure 
at different locations near the surface, (b) picture of lower 
near the centre, (c) microstructure of the base metal, and (d) 
microstructure of the weld metal 
 
Because the CB1 steel is an Al-killed and 
(a) (b)
Fusion Line 
Weld Metal 
Base Metal 
Weld Metal 
Fusion Line 
Enamel Enamel (d)
Weld Metal Base Metal 
100µm 
(c) 
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, which can act as refiner of grain size.  
hese 
particles can exist and stabilise the grain size, so the whole plate can be obtained 
by a comparatively more homogeneous heating and cooling speed than the 
welding process, so the grain sizes of the weld metal and base metal is similar 
after firing and the HAZ also disappears. 
4.7.2 M  of the enamel/steel interface 
Figu l of 
the welded CB1 sample. The interface between the enamel and base metal, and 
the interface between the enamel and weld metal can be inspected from the 
pict . hat 
are inte e between 
solute in the steel substrate and lose its functions, so the addition of Ti elements 
will take the place of Al. The solution temperature of TiC, TiN in a steel matrix 
is very high, even up to more than 1200 ºC
For welding, the temperature gradient from the welding seam to the base metal is 
very high, ranging from a liquefying temperature to a room temperature where 
particles like AlN, TiC, and TiN are almost dissolved and the grains coarsen 
considerably when the heat input has stopped after welding, the cooling speed of 
the welding seam and HAZ is very high, and so acicular ferrite, bainite, and even 
martensite is formed in this area. For the firing process with temperatures lower 
than 930 ºC, the AlN, TiC, and TiN precipitates will not absolve so t
orphologies
re 4.27 shows the condition of the interface between the enamel and stee
ure  Figure 4.27(b) and (c) show there are lots of islands on the interface t
rconnected and form the so-called anchor points at the interfac
the enamel and base metal, and the interface between the enamel and weld metal, 
and also that the conditions at these interfaces is similar. 
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Base metal 
Weld metal 
Fusion line 
 (a) 
 
Enamel 
Cracks 
 (b)  (c) 
  
Figure 4.27 Typical morphology of the interface of the enamel to base metal 
magnification picture including the enamel, base metal and weld 
metal, (b) interface of enamel-weld metal, and (c) interface of 
enamel-base metal 
and weld metal of the CB1 steel after etching: (a) low 
 
Moreover, Figure 4.27 also shows that adherence of the enamel to weld metal 
and base metal should be good because the interconnected islands occurred on 
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rface of the enamel to weld metal. 
igure 4.28 shows the condition of the enamel and steel interface of the welded 
TB1 sample. Figures 4.27 and 4.28 show there are some cracks in the enamel or 
at the interface that were created during the process of preparing the sample. 
However, all the cracks in the CB1 steel occurred in the enamel while most of the 
cracks that occurred in the TB1 steel were located at the interface. These results 
also proved that adherence at the interface of the TB1 steel was not as good as 
the CB1 steel. 
 
 
 
 
 
 
 
the interface, a result already proven by the adherence bending tests. Conditions 
at the interface of the welded and enamelled CB1D steel are similar to the CB1 
steel, and there are no big difference between the interface of the enamel to base 
metal and the inte
F
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Cracks 
Weld metal 
Base metal 
Fusion line 
Enamel 
 (a) 
 (b)  (c) 
  
Figure 4.28 Typical morphology of the interface of the enamel to base metal 
and weld metal of the TB1 steel after etching: (a) low 
magnification picture including the enamel, base metal and weld 
metal, (b) SEM image of enamel-base metal interface, and (c) 
SEM image of enamel-weld metal interface 
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4.8 Summary  
In this Chapter a preliminary study of four QB, CB1, CB1D, and TB1 steels was 
carried out by examining the microstructures and mechanical properties, 
decarburisation annealing heat treatment, physical simulation of the firing 
process, welding and industrial enamelling process, examination of the enamel 
for fishscaling, adherence bending tests, and interface observation and EDS 
analyses. It can be found from this study that: 
1. Decarburisation annealing can remove carbon from the surface layer, and the 
decarburised layer can remain after enamelling but it will not enhance adherence 
at the enamel/steel interface. 
2. A physical simulation of the industrial firing process according to the actual 
firing temperature and time can reveal the variations in the microstructures and 
. The developed CB1 and TB1 steels can maintain their grain size and stabilise 
4. The weldability and enamellability of the two steels was very good, no 
f les nam bu dhe ce will de te when 
microalloying elements are added to the steel. 
5. G od adhere a high density of anc or points and 
‘ ged’ de ear the i ac hi s o n sm h 
interface line and more gas bubbles on the interface contribute to poor adherence. 
 
mechanical properties of the actual firing process.  
3
their strength after enamelling. 
ishsca  were found in the e el, t a ren teriora
o nce is associated with h
dislod ndrites at or n nterf e, w le les  anch r poi ts, a oot
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as smooth without 
these dendrites. 
7. The grains coarsen to a very large size at the weld metal and HAZ after 
welding but remain refined and uniform after enamel firing. 
8. Conditions at the interface between the layer of enamel and the base metal and 
weld metal were similar for all the welded steel samples. However, it was 
different for different steels. 
 
6. There are a transition zone between the layer of enamel and the steel substrate 
which is caused by a chemical reaction and diffusion during enamel firing. 
Fe-rich dendrites were found in the inner wall of bubbles near or on the interface, 
but the inner wall of the bubbles far away from the interface w
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HEMICAL COMPOSITION 
OPTIMISATION ON PERFORMANCE OF ENAMELLING 
 
In Chapter 4 a preliminary study on hot rolled steel plate for enamelling was 
carried out on TB1, CB1, CB1D, and QB steels. The main research work already 
completed includes the analyses of microstructures and mechanical properties, 
decarburisation annealing heat treatment, physical simulation experiments of 
industrial firing processes, welding and enamelling tests, adherence bending 
tests, enamel layer and interface conditions, and resistance to fishscaling. All the 
results show that these steels have good weldability and enamellability, and their 
resistance to fishscaling is high enough, but the adherence of TB1 steel needs 
further improvement. 
 designed four other steels: TB2, OTB, 
CB2, and OCB. The content of Ti and N was increased in the TB2 steel on the 
el were increased on the 
o the CB1 
 
 
CHAPTER 5 
 
THE EFFECT OF C
STEELS 
5.1 Introduction  
On the basis of the previous results we
basis of the TB1 steel, the C and N contents of OTB ste
basis of TB1 steel; the chemical composition of CB2 steel is similar t
steel, and the C content of OCB steel was increased on the basis of CB1, and 
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eavy plates (16 mm thick) were 
substrates; 
iii. Evaluation of enamellability including fishscaling and bubbles in the 
enamel; 
iv. Adherence bending tests; 
v. A scanning electron microscope analysis of the enamel, including the 
transition zone across the interface and interface morphology; 
After this study work and the work in Chapter 4 had been completed, an in-depth 
understanding of hot rolled steel plates for enamelling had been achieved. 
 
more V was added. The chemical compositions of these four optimised steels are 
listed in Table 3.4, and the chemical compositions of the steels for the 
preliminary study are shown in Table 3.1. 
We repeated some experiments on the four optimised steels based on the 
previous experiments carried out on the CB1 and TB1 steels, but the weldability 
was not tested again because all the designed steels have a lower equivalent 
content of carbon Ceq and already possess good weldability. The adherence 
bending tests conducted on these optimised steels were different from those 
carried out in the preliminary study. First, the h
enamelled and then bent to test the adherence. The research work includes:  
i. Microstructures and mechanical properties analyses of the hot rolled steel 
plates; 
ii. Physical simulation of the enamel firing process to determine the 
microstructure and variation of mechanical properties of the steel 
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5.2 Microstructures and mechanical properties of as-rolled steels 
The microstructures of the as-rolled TB2, OTB, CB2, and OCB steels are shown 
in Figure 5.1. The microstructures of the optimised steels are ferrite and pearlite, 
with the volume fraction of the pearlite in the CB2 steels being the highest 
because the carbon content is the highest, and the pearlite band structure of the 
CB2 and OCB steels being unsuitable for enamelling. The pearlite band structure 
may cause non-uniform surface bubbling defects on the enamel. The 
microstructu e and have very 
ttle granular or sheet pearlite. Moreover the tertiary cementite precipitate on the 
he 
 18.8 and 
17.9 µm, respectively. 
2 steel, and the microstructure of the TB2 steel is better than the TB1 
teel, according to the microstructure required for enamelling. A comparison 
b steels (see Figure 4.1(a)) 
shows that the microstructures of CB2 and CB1 steels are almost the same 
because their chemical composition and hot rolling schedules are similar, while 
the stru s of OC eel are b r than  and 1 steels because as 
res of enamelling steel should be equi-axial ferrit
li
grain boundary is also limited. Figure 5.1 shows that the microstructures of t
TB2 and OTB steels are better than the CB2 and OCB steels, while the 
microstructure of the OTB steel seems to be the most suitable for enamelling. 
The grain sizes of the TB2, OTB, CB2, and OCB steels are 17.4, 18.2,
A comparison of the microstructures between TB2 and OTB steels and TB1 steel 
(see Figure 4.1(b)) reveals that the microstructure of the OTB steel is better than 
the TB
s
etween the microstructures of CB2, OCB and CB1 
 micro cture B st ette  CB2  CB
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the volume fraction of pearlite in the OCB steel decreases, so does the pearlite 
ban ctur is mean t the op al c osi  in 
regard to the change in the microstructure of the TB2, OTB, and OCB steels has 
been successful. 
 
d stru e. Th s tha timisation of the chemic omp tions
  
  
(b)(a) 
(d)(c) 
Figure 5.1 OM micrographs of the as-rolled steels: (a) TB2 steel, (b) OTB 
steel, (c) CB2 steel, and (d) OCB steel 
Figure 5.2 shows comparisons of the grain sizes of the TB1, OTB, CB1, and 
OCB steels. The grain sizes of the TB2 steel (17.4 µm) and OTB steel (18.2 µm) 
are generally smaller than the TB1 steel (22.9 µm), but the grain sizes of the CB2 
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steel (18.8 µm) and OCB steel (17.9 µm) are very close to the CB1 steel (17.7 
µm). This refinement in the grain size could be explained by the decrease in the 
finish rolling temperature; because the CB1 steel is an industrial hot rolled steel 
plate, the reduction in the whole hot rolling process (92.7% from 218 mm slab to 
16 mm plate) is much higher than the CB2 and OCB steels (84% from 100 mm 
slab to 16 mm plate) which were rolled in the laboratory, so the grains were 
refined by multiple recrystallisation. If the CB1 steel was also rolled in the 
laboratory at the same reduction of 84% and finishing temperature of 880 ºC, 
finished rolled at 860 ºC and 84% reduction. So this decrease in the finishing 
temperatures from 880 to 860 ºC could have helped to refine the grains of the 
optimised steels. 
he mechanical properties of the hot rolled TB2, OTB, CB2, and OCB steels are 
shown in Table 5.1. It shows that the yield strength of the optimised steels was 
ighest at a lower temperature, especially at -20 and -40 ºC. The CB2 and OCB 
then the grain size should be larger than the CB2 and OCB steels which were 
T
all higher than 245MPa, while the impact energy of the OCB steel was the 
h
steels were stronger and tougher than the TB2 and OTB steels, with the OCB 
steel having the best combination of strength and toughness. 
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(a) (b)
  
(d)(c) 
  
Figure 5.2 Comparison of the microstructures of the as-rolled steels: (a) TB1, 
 
Table 5.1 Mechanical properties of as-rolled TB2, OTB, CB2, and OCB 
steels 
(b) OTB, (c) CB1, and (d) OCB 
Akv (J) 
Steel 
Dimension of steel plate 
length ×width× thickness 
(mm) 
YS TS A
(MPa) (MPa) (%)
50 
20 ºC 0 ºC -20 ºC -40 ºC
TB2 × × 285 378 47.3 285 281 16 / 2000 400 16 
OTB 2000×400×16 288 370 47.5 250 233 22 / 
CB2 2000×400×16 278 421 46.0 201 187 114 16 
OCB 2000×400×16 269 399 46.4 261 265 226 190
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teels are very close, but the impact energy of the TB2 and OTB steels is much 
igher than the TB1 steel, especially at 0 ºC (see Figure 5.3). 
By comparing the mechanical properties of the TB2, OTB steels with the TB1 
steel (see Table 4.1), it can be seen that the strength of the TB2, OTB and TB1
s
h
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Figure 5.3 Impact energy of the as-rolled TB2, OTB and TB1 steels 
 
The impact energy is higher, the toughness is better. The increase in impact 
energy or toughness was caused by the grains being refined and the chemical 
compositions being optimised. Furthermore, by comparing the mechanical 
properties of the CB2, OCB and the CB1 steels (see Table 4.1), it can be seen 
that the yield strength of the CB2 and OCB steels is almost the same as the CB1 
steel, while the tensile strength of the OCB steel is lower than the CB2 and CB1 
steels. The impact energy of the CB2 and CB1 steels are close at different 
temperatures because they have almost the same chemical compositions and 
grain size. However, the impact energy of OCB steel is higher than the CB2 and 
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CB1 steels at different temperatures (see Figure 5.4), which may be correlated to 
their lower tensile strength. Therefore, the TB2 and OTB steels have better 
mechanical properties than the TB1 steel, the OCB steel has better mechanical 
properties than the CB2 and CB1 steels, and the CB2 steel has almost the same 
mechanical property as CB1 steel. 
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Figure 5.4 Impact energy of the a lled CB2, OCB and CB1 steels 
 
It can be seen from the above results that the contradiction between the 
microstructures and mechanical properties is difficult to solve because the TB2 
and OTB steels have better microstructures for enamelling, but the mechanical 
properties are worse than the CB2 and OCB steels. The key technology required 
of hot rolled steel plate for enamelling is a good combination of enamellability 
(determined by the chemical compositions and microstructures) and mechanical 
properties. It can generally be said that the optimisation of the chemical 
composition and decrease in the finishing temperature have a positive effect on 
s-ro
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the microstructures and mechanical properties, because it was shown that these 
optimised steels have better microstructures (finer ferrire grain and less 
cementite) and mechanical properties than the TB1 and CB1 steels in the 
preliminary study. 
5.3 Results and discussion on firing simulation 
5.3.1 Variation of the microstructure of steel substrate after firing 
Figure 5.5 shows the microstructures of the samples from simulation experiments 
after multiple firing. Figure 5.5(a) and (b) show that the grain size of the TB2 
steel (18.6 µm
as-rolled TB2 8.2 µm) (see Figure 5.1(a) and 
)), while Figure 5.5(c) and (d) show that the grains of the CB2 steel (11.1 µm) 
fined compared to the grains of the 
ill keep the grains stable 
hen the steels were fired at high temperature. A multiple firing process 
normalises the heat treatment and either refines the grain size or keep the size 
stable. 
) and OTB steel (18.2 µm) after firing are almost equal to the 
 steel (17.4 µm) and OTB steel (1
(b
and OCB steel (11.9 µm) after firing are re
as-rolled CB2 steel grain (18.8 µm) and OCB steel (17.9 µm), and the particles of 
cementite or carbides have decreased in size and become more dispersed and 
spheroidised after multiple firing. The pearlite band structures were reduced in 
the CB2 steel and diminished in the OCB steel. 
The reasons for these changes in the microstructure that happened to the 
optimised steels have been discussed previously in Chapter 4. All the optimised 
steels contain Al and Ti, and its nitrides or carbides w
w
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 (a) (b)
 
  
(d)(c) 
Figure 5.5 OM Micrographs of the steels after a simulation of being fired in 
 Table 5.2, while 
e changing tendencies of the strength and impact energy of these steels 
compared to the as-rolled steels is shown as a graph in Figures 5.6-5.9. 
Tables 5.1 and 5.2, and Figures 5.6-5.9 show that the yield and tensile strengths 
of the steels fired decreased to some extent while the impact energy increased 
plan II: (a) TB2, (b) OTB, (c) CB2, and (d) OCB 
 
5.3.2 Variation of the mechanical properties of steel substrate after firing 
The mechanical properties of the four steels fired are shown in
th
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significantly, particularly at lower temperature of -20 ºC for the TB2 and OTB 
steels. 
 
Table 5.2 Mechanical properties of the steels fired 
Akv (J) 
Steel YS (MPa) 
TS 
(MPa) 
A50
(%) 20 ºC 0 ºC -20 ºC -40 ºC
TB2 265 368 51 287 301 256 35 
OTB 260 365 49 264 273 235 52 
CB2 265 421 45 221 230 190 70 
OCB 260 395 49 270 278 205 133 
 
 
 Figure 5.6 Variations in the yield strength of the four optimised steels 
under as-rolled and fired conditions 
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Figure 5.7 Variations in the tensile strength of the four optimised steels 
under as-rolled and fired conditions 
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Figure 5.8 Variations in the impact energy of the TB2 and OTB steels under 
as-rolled and 
 
fired conditions 
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Figure 5.9 Variations in the impact energy variations of CB2 and OCB steels 
o a 
iminishing dislocation strengthening effect. However, the decrease in strength 
after firing. Because the TB2 and OTB steels had the same grain size as the 
as-rolled steels after firing, so the subs nt ase he g s 
caused mainly by a diminishing of the dislocations, whereas the grains of the 
CB2 and OCB steels became more refined after firing compared to the as-rolled 
steels. This result will contribute to a strengthening of the grain refinement which 
will balance part of the loss of disloca  str eni
decrease in strength of the CB2 a CB ls af ring we  th 2 
nd OTB steels. 
 
under as-rolled and fired conditions 
 
These steels decreased in strength after firing, which may be attributed t
d
of the TB2 and OTB steels after firing was higher than the CB2 and OCB steels 
eque decre in t ir stren th wa
tion ength ng, so eventually, the 
nd O stee ter fi  is lo r than e TB
a
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5.4 Results and discussion on enamellability 
5.4.1 Resistance to fishscaling 
amples, 275 mm × 180 mm ×16 mm (length × width × thickness) 
ined for fishscaling. Figure 5.10 
shows the enamel surfaces of these samples, and Figure 5.11 shows cross section 
of the layers of enamel, the pictures of these surfaces prove that no fishscales 
were found on them or on the cross section of the TB2, OTB, and OCB steels, 
but there were traces of fishscales on the CB2 layer of enamel. 
be studied in the following two chapters. 
 
 
The results of this experiment with firing indicate that the mechanical properties 
of the as-rolled steel plates are not the decisive factors, rather, the mechanical 
properties, especially the toughness, can be modified by the proper firing 
parameters in the following enamelling process. 
The large s
thick samples industrially enameled, were exam
Fishscaling is caused by an excess of hydrogen which dissolves into the steel 
during enamelling, and it is correlated with the diffusivity of H in steel. A low 
coefficient of diffusion is associated with a high volume fraction of the 
irreversible trapping sites in the steel, and little or no fishscale formed while a 
high coefficient of hydrogen diffusion is related to a low volume fraction of the 
irreversible trapping sites in the steel which causes a heavy formation of 
fishscaling. Further evidence for irreversible trapping sites and the diffusion of 
the coefficient of hydrogen in steel will 
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Figure 5.10 Surface conditions of the enamelled samples of four optimised 
steels: (a) TB2 steel, (b) OTB steel, (c) CB2 steel, and (d) OCB 
steel 
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45mm
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(a) 
Enamel 
l
Steel 
 
(b)
(d)(c) 
Traces of 
fishscale
  
Figure 5.11 OM Micrographs of cross section of enamel layers of four 
(c) CB2 steel, and (d) OCB steel 
 
5.4.2 Size and distribution of the bubbles 
Figure 5.12 shows the general conditions of the enamel of the four optimised 
steels, and the size and distribution of the bubbles in the enamel. The layer of 
optimised steels without etching: (a) TB2 steel, (b) OTB steel, 
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art from the CB2 steel, the layers of 
enamel is about 1.0 mm thick, with no obvious interfaces between the ground 
layer and each layer of over glaze, and ap
enamel are integrated and cohesive. There are more big bubbles near the 
enamel/steel interface of the TB2 and OTB steels, while more small bubbles 
occurred near the interface of the CB2 and OCB steels. 
 
 
(a) (b)Bakelit
Enamel 
l
 
  
Figure 5.12 OM Micrographs of bubbles in the enamel layers of four 
optimised steels: (a) TB2 steel, (b) OTB steel, (c) CB2 steel, and 
 
There are some traces
(d) OCB steel 
 of fishscale in the enamel on the CB2 steel, while Figure 
5.13 clearly shows the traces of long or short cracks that occurred in the enamel.  
It had been thought that the high carbon content of CB2 steel and the pearlite 
(c) (d)
Steel  
Traces of 
fishscale
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s fired. 
band structure would not be suitable for enamelling because more gases would 
be emitted from the interface reaction when the steel wa
 
 
Traces of fishscale 
Figure 5.13 Traces of fishscale in enamel layer of the CB2 steel sample 
 
5.4.3 Change in the microstructure of the steel substrate after industrial 
enamelling 
The microstructures of samples after industrial enamelling are shown in Figure 
5.14, showing that the grains of the steel substrate did not coarsen after being 
fired 7 times. Moreover, when the microstructures of the as-rolled samples and 
industrial enamelled samples shown in Figure 5.1 are compared, it can be seen 
optimised st
that the grains are refined a little bit after firing. The grain sizes of the four 
eels at different conditions are listed in Table 5.3. As previously 
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iscussed, the firing process is similar to normalising heat treatment, which can 
commonly refine grains, so the grains can also be refined by firing processes. 
 
d
  
  
(a) (b)
(c) (d) 
Figure 5.14 Microstructures of industrial enamelled steels: (a) TB2 steel, (b) 
OTB steel, (c) CB2 steel, and (d) OCB steel 
 
The average grain sizes of the industrially fired steels are 15.5, 17.8, 16.7, and 
15.9 µm for the TB2, OTB, CB2, and OCB steels, respectively. The grain sizes 
of the four steels under different conditions are listed in Table 5.3. The 
microstructure and size show that the grains of these steels can either remain 
stable or become refined. 
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Table 5.3 A
 
verage grain sizes of the four steels under different conditions 
Average grain size (µm) 
Steel 
As-rolled  Samples fired in laboratory 
Samples industrial 
fired  
TB2 17.4 18.6 15.5 
OTB 18.2 18.2 17.8 
CB2 18.8 11.1 16.7 
OCB 17.9 11.9 15.9 
 
5.4.4 Mechanical properties of the steel substrate after industrial enamelling 
The mechanical properties of the industrially enamelled heavy plates were tested 
and the results are shown in Table 5.4. Because the enamel layer was difficult to 
peel off, only two steels (OTB and OCB steels) were used in this test. Table 5.4 
shows that the strength of these steels decreased slightly after enamelling but the 
 
Table 5.4 M ifferent 
conditions 
Akv (J) 
elongation and impact energy increased in comparison to the as-rolled plates. 
echanical properties of the OTB and OCB steels at d
Steel YS (MPa) 
TS 
(MPa)
A50
(%) 20 ºC 0 ºC -20 ºC -40 ºC
OTB(as-rolled) 288 370 47.5 250 233 22 / 
OTB(fired in lab) 260 365 49 264 273 235 52 
OTB(enamelled) 255 365 50 265 254 245 50 
OCB(as-rolled) 269 399 46.4 261 265 226 190 
OCB(fired in lab) 260 395 270 278 205 133 
OCB(enamelled) 265 390 51 285 282 233 145 
49 
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5.5 Results of adherence bending test 
5.5.1 Pin-hole examination for ground layer 
The main purpose of ground layer is to create adherence between the enamel and 
the steel. When the ground layer has been fired, the surface of the layer was 
examined. The pin-holes in the ground layer on the TB2 and OTB steels were 
finer than the CB2 and OCB steel, which means that less gas was emitted from 
the TB2 and OTB steels than the CB2 and OCB steel, because the carbon content 
and cementit
CB2 and OCB
the largest. 
st and interface morphology 
 
e volume fraction of the TB2 and OTB steels was lower than the 
 steels. The pin-holes in the ground layer on the CB2 sample were 
5.5.2 Bending te
After every layer of enamel had been coated and fired, the samples were given 
bending tests to evaluate adherence between the substrate and the layer of enamel. 
The results of these bending tests are shown in Figure 5.15. The morphologies of 
the destroyed layer of enamel layer revealed white stripes on the OTB, CB2, and 
OCB samples. Adherence on the OTB steel was better than the CB2 and OCB 
steels, according to the results of the bending tests because there are more 
residual enamels in the deformation zone. Figure 5.16 shows the interface 
morphologies of the three bent steel samples and also reveal that the interface on 
the OTB samples had more interconnected islands and ‘dislodged’ particles than 
the CB2 and OCB steel samples, which is why adherence on the OTB steel was 
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the best of the three samples tested. The mechanism of adherence has been 
discussed previously in Chapter 4. 
 
 
 
 
Figure 5.15 Results of adherence bending tests of the enamelled steels: (a) 
OTB steel, (b) CB2 steel, and (c) OCB steel 
 
 
(b) 
(c) 
(a) 
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(a) 
 
(b) 
(c) 
 
Figure 5.16 Interface morphologies of the bending test samples: (a) OTB 
steel, (b) CB2 steel, and (c) OCB steel 
CHAPTER 5 THE EFFECT OF CHEMICAL COMPOSITION OPTIMISATION ON 
PERFORMANCE OF ENAMELLING STEELS 
 153
the worst adherence of the four steels tested, QB, CB1, CB1D, 
engthened reaction 
at the interface and subsequent formation of more interconnected islands. 
So the carbon content in OTB steel was increased by 0.011% on the basis of the 
TB1 steel, the content of titanium was also decreased, and the content of sulfur 
and nitrogen was also increased. This increase in sulfur and nitrogen helps to 
form more and larger particles of TiN and Ti4S2C2, and to avoid the negative 
effect that fine precipitates of titanium have on adherence. Actually the fine 
precipitates of titanium are increasing the resistance to fishscaling, but we must 
There are more reasons why adherence is affected, which have not yet been 
disclosed. Since the CB2 and OCB steels have higher carbon contents than the 
OTB steel, why is their adherence not better than the OTB steel? Apart from their 
chemical compositions, the firing temperature and compositions of the frit are 
also important factors affecting adherence. For different steels, the best firing 
is study 
we applied the same  
According to the results of the adherence bending tests introduced in Chapter 4, 
the TB1 steel had 
and TB1, due to the addition of titanium. QB steel had the best adherence due to 
its high carbon content and no additional microalloying elements. High carbon 
content is not good for the resistance to fishscaling, but it seems to have a 
positive effect on adherence, which may be attributed to a str
have a balance between adherence and resistance to fishscaling. The now 
optimised chemical composition of the OTB steel was positive with regard to the 
modification of adherence and fishscaling. 
temperature and most suitable ground layer should be studied, but in th
frit of ground layer and the same schedule of firing
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There is a transition zone across the enamel/steel interface caused by the reaction 
and diffusion of elements and the reaction of products during firing. A line 
scanning of the distribu ss the interface 
TB steel samples. Figure 5.17 also shows that the 
width of t
transition interface layer leads to a chemical bonding which is the essential factor 
for strong adherence. 
Figure 5.18 shows the ‘d
spectrum. The main elements in the particles are Si and Fe, as well as some Ca, 
K, and Na. This result proves that the ‘dislodged’ particles are products of a 
reaction which will enhance adherence at the interface. 
 
o spectra 
 and (b) show that the Fe-rich dendrites in 
the bubble near the interface and the ‘dislodged’ particles are actually the same 
temperature, which could partly explain the complexity of adherence in different 
steels. 
5.5.3 Analyses of the enamel/steel interface 
tion of the Fe, Si, O, and Ni elements acro
was carried out by SEM. Figure 5.17 shows the transition zone of the 
enamel/steel interface in the O
he transition zone is about 15 µm. The presence of fayalite as a 
islodged’ particles near the interface and its EDS 
Figures 5.19 and 5.20 show SEM micrographs of the bubbles near the interface
f the OTB steel and the EDS spectra of the dendrites in the bubble. The 
show that the main compositions of the dendrites are Fe, Ni, Co, and Si, and the 
Fe-rich dendrites in the bubble have almost the same compositions as the 
‘dislodged’ particles. Figures 5.21(a)
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ble 
interface has a smooth inner wall and no dendrites were found. 
 
reaction products. Figure 5.21(c) shows that the bub furthest from the 
 
(a) 
 
Figure 5.17 Line scanning of the distribution of elements across the interface 
tr
distribution of elements 
 
 
(b) 
ansition zone in the OTB steel: (a) transition zone, and (b) 
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(a) 
 
 
Processing option : All elements analysed (Normalised). All results in weight% 
O Na Al Si K Ca Fe Total Spectrum In stats. 
Spectrum 1 Yes 26.76 7.70 1.91 27.92 2.36 3.27 30.08 100.00 
Mean  26.76 7.70 1.91 27.92 2.36 3.27 30.08 100.00 
Std. deviation  0.00 0.00 0.00 0.00 0.00 0.00 0.00  
Max.  26.76 7.70 1.91 27.92 2.36 3.27 30.08  
Min.  26.76 7.70 1.91 27.92 2.36 3.27 30.08  
Figure 5.18 Interface morphology of OTB steel: (a) Fe-rich ‘dislodged’ 
particles, and (b) EDS spectrum of the particles in (a) 
 
 
 
 
(b) 
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(b) 
(a) 
 
Figure 5.19 SEM
and EDS spectrum of the dendrites in the bubble: (a) dendrite in 
a) 
 
 
 micrograph of a bubble near the interface of the OTB steel 
the bubble, and (b) EDS spectrum of the dendrites in (
 
 
CHAPTER 5 THE EFFECT OF CHEMICAL COMPOSITION OPTIMISATION ON 
PERFORMANCE OF ENAMELLING STEELS 
 158
 
 
(b)
(a)
 
Figure 5.20 SEM micrograph of a bubble near the interface of the OTB steel 
the bubble, and (b) EDS spectrum of the dendrites in (a) 
 
 
 
 
 
 
and EDS spectrum of the dendrites in the bubble: (a) dendrite in 
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Figure 5.21 SEM micrographs of the bubbles near the interface and far 
from the interface in the OTB steel sample: (a) and (b) bubbles 
near interface with Fe-rich dendrites, and (c) a bubble far from 
the interface with a smooth inner wall 
(a) 
(b) 
(c) 
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5.6 Summary 
In this chapter an in-depth study on microstructures and mechanical properties 
were carried out on the four optimised TB2, OTB, CB2 and OCB steels. 
Adherence bending tests were carried out on the OTB, CB2 and OCB steels and 
the interface morphologies of the three steels were also observed by SEM. The 
interface transition zone, ‘dislodged’ particles and Fe-rich dendrites in the OTB 
steel samples were all analysed. It can be found from the study that: 
eep stable either in simulated firing process or the industrial enamelling process. 
2. Adherence at the enamel/steel interface can be enhanced by a proper 
modification of the chemical composit  of the steels. The OTB steel can 
obtain a proper adherence, but why adherence became enhanced is complicated, 
so more research should be undertaken to explain the mechanism of adherence, 
includi
3. CB2 steel had the lowest resistance to fishscaling, as some traces were found 
4. The interface transition zone in the OTB steel is about 15 µm
gradually increased from the side with the enamel to the steel substrate side in 
the transition zone, the behaviour of Si is opposite to Fe. The transition zone is a 
decisive factor for good interface adherence. 
5. The ‘dislodged’ particles near the interface and the Fe-rich dendrites in the 
bubbles near the interface are actually the same product of the interface reaction 
1. The microstructures and mechanical properties of all four studied steels can 
k
ions
ng the firing temperature and compositions of the frit. 
in the enamel on the CB2 steel sample. 
 wide, and the Fe 
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during firing. The results of the EDS spectrum analyses showed that the main 
elements in such particles or dendrites are Fe, Ni, and Si, as well as some Ca, K, 
and Na. The bubbles furthest from the interface have a smooth inner wall and 
there were no dendrites. 
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CHAPTER 6 
THE PERMEATION OF HYDROGEN IN HOT ROLLED 
The permeation and storage characteristics of hydrogen in enamelling steel have 
a significant effect on the fishscaling of enamel products [84] such that in general 
terms, the lower the permeability of hydrogen, the higher the resistance to 
fishscaling. It has been reported that to prevent fishscaling, the coefficient of 
-6 2
trapping sites have a strong influ on the ubility  diffus  of 
hydrogen  diffusion of hydrogen in a steel plate is slow, then the 
hydrog steel plat uld be der me en ing 
process, which will prevent fishscaling on enamel ware. So to enhance the 
resistanc aling, eith ease  of h n diffusion or 
versible trapping sites in steel to store hydrogen. To 
study the resistance of enamelling steel to fishscaling, it is necessary to measure 
the coefficient of hydrogen diffusion, the activation energy, the penetration time, 
the param apping sites torage ty of i rsible t ing 
 
 
STEEL PLATES FOR ENAMELLING 
 
6.1 Introduction  
hydrogen diffusion should be lower than 2.0×10  cm /s [30], because the 
ence  sol  and ivity
[82, 85]. If the
en diffused into the e wo less un the sa amell
e of steel to fishsc er decr the rate ydroge
increase the ability of the irre
eters of the tr  and s  abili rreve rapp
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s  ge ris hy n 
en
he enamelling steels used for this study are hot rolled low carbon heavy plate 
 
differen y to resear e perm n of h en at ent 
locations in heavy plates to obtain its average characteristics. 
6 f ro al n
pe
xperiments on the permeation of hydrogen were carried out using an 
ki [34]. The 
instruments for this procedure are simple (see Figures 2.16 and 3.7), and the 
measurement is fast, accurate and highly sensitive. 
d and coupled with a sufficiently large anodic potential, then the surface 
action H+H→H2↑ of the thin sample installed in the instrument will be 
hibited. But after a certain period of time, the atomic hydrogen generated from 
e A side of the sample reached the B side, and then it will all be oxidised to the 
+, so the concentration of atomic hydrogen at the B side is cb=0, then the atomic 
ydrogen oxidation current Ib reaches its maximum, referred to as the stable 
current density Imax. 
According to Fick’s First Law the expression of a steady state current is: 
                                         (6.1) 
ites, namely, the permeation and stora  characte tics of drogen i
amelling steel. 
T
steels whose microstructures and precipitates at different thicknesses may be
t, so it is necessar ch th eatio ydrog differ
.2 Experimental principle o the elect -chemic  hydroge  
rmeation test method 
E
electro-chemical method developed by Devanathan and Stachur
If the surface of the steel was given a layer of Pd or Ni, when a current was 
applie
re
in
th
H
h
xccDFI ∆−⋅= /)( 01max  
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where F is the Faraday constant, D is the coefficient of diffusion (cm2/s), ∆x is 
the thickness of the sample ∆x=L. C1 is the concentration of hydrogen at the 
anodic side c1= cb = 0, c0 is the concentration of hydrogen at the cathodic side 
(charging side) c0=ca. When the hydrogen charging current Ia is stable, c0 will 
also be a constant, so Equation (6.1) can be written as: 
, or LcDFI /0max ⋅⋅= DFLIc ⋅⋅= /max0                              (6.2)
where L is the thickness of the sample, and also from Fick’s First Law, the 
hydrogen permeation flux J : 
x
cDJ
∂
∂
⋅−=                                                     (6.3) 
When the thickness of the sample is ∆x=L, then: 
⎟
⎠
⎜
⎝
−⋅⋅=
∞ ττπ 4
expJ
J                                        (6.4) ⎞⎛ 112
where J∞ is the maximum flux (steady flux); 
∞J
J
 
time f
is normalised flux, τ is the 
actor 2L
Dt=τ , and t is the permeation time (s). 
 Faraday’s Law, the anode current density Ib (µA/cm2) can be expressed as: 
                                                     (6.5) 
where F is the Faraday constant F = 96500 As/mol. At different times, the ratio 
of the anode’s current density Ib and steady current density I∞ (normalised anode 
current density) can be expressed as: 
From
JFIb ⋅=
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⎟
⎠
⎞
⎜
⎝
⎛ −⋅⋅==
∞∞ ττπ 4
1exp12J
J
I
Ib                                  (6.6) 
So the tested curve of 
∞I
Ib
 
vs. time is actually the curve of 
∞J
J vs. time. Then 
the hydrogen permeation curve can be obtained from the record of hydrogen 
charging current density, which is shown in Figure 6.1. The characteristics of 
hydrogen permeation can be calculated from the curve. 
 
 
Figure 6.1 Time of hydrogen permeation 
 
6.3 Calculating the parameters of hydrogen permeation 
There are several parameters which can be used to judge the tendency of the 
metal towards fishscaling. The following paragraphs will introduce the method of 
calculating such parameters from the hydrogen permeation curves. 
6.3.1 Lag time and coefficient of hydrogen diffusion 
The lag time tL is actually the time in the hydrogen permeation curve 
where 6/1=τ . That is: 
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L
L D
Lt 6
2
=                                                     (6.7) 
The lag time can be obtained by spotting the time at which the rate of permeation 
is 0.63 times the steady state value, namely, where the normalised output flux 
Jt/J∞
 
= 0.63 [34]. Then the coefficient of hydrogen diffusion DL can be calculated 
by the following equation: 
                                                 (6.8) 
For metal without a trapping site, the coefficient of hydrogen diffusion in the 
trapping sites in the metal, then the lag time tT will change and the coefficient of 
hydrogen diffusion will differ from that value in an ideal metal lattice. This 
coef en 
Deff , and Deff  can be calculated by the following equation: 
                                                 (6.9) 
he penetration time for hydrogen tb can be used to judge the rate of hydrogen 
τ=1/15. mpare th drogen penetration e in different 
materi r n penetrating through a 1 mm thick sample (L m) 
i . 
D L tL L=
2 6/
metal lattice DL can be calculated by Equation (6.8). However, when there are 
ficient of diffusion is called the efficient diffusion coefficient of hydrog
Teff
6.3.2 Hydrogen penetration time 
tLD 6/2=
T
diffusion in the metal, although strictly speaking, the lag time is when the 
3. In order to co e hy  tim
als, the tb for hyd oge =1 m
s normally used for comparison
D3.5            
Ltb 1=                                  0) 
2       (6.1
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6.3.3 Activation energy 
Diffusion  activated pr s that is
temperature. The relationship between the coefficient of diffusion and 
tem
 
 is a thermally oces  affected quite significantly by 
perature is: 
Q⎛ ⎞D D RTeff = −⎝⎜ ⎠⎟0 exp                                         (6.11) 
Avogad o Taking logarith  both sides of 
Equation (6.11), the
where D0 denotes a coefficient, Q denotes the activation energy, R is the 
ro constant, R = 8.314 J/m l•K.  the m of
n: 
TR
DDeff ln 0                 
Q 1ln ⋅−=                           (6.12) 
y measuring the coefficients of diffusion at different temperatures, the 
e of the straight line plotted 
by vs.1/T. 
in 
n octahedral or tetrahedral space in the crystal lattice where the density of the 
octahedral space and tetrahedral space in the lattice is NL=2.52×1023 /cm3 and 
NL=5×1023 /cm3, respectively. Normally, it is thought that hydrogen exists in 
octahedral space. 
When there are trapping sites in the enamelling steel, the density of the trapping 
sites NT can be calculated by the following equation: 
B
activation energy can then be calculated from the slop
eff
6.3.4 Hydrogen trap parameter 
If there are no trapping sites in the enamelling steel, then the hydrogen exists 
Dln
a
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( )N f d NT V= ⋅                                                (6.13) 
where is the number of particles (trapping sites) per volume, NV  ( )f d  is a 
function of particle size d. If the particles are approximately spherical, then 
can be expressed as: ( )f d  
( ) Sdkdf SP
2
⋅⋅= π                                              (6.14) 
where ksp is the number of spaces on each (100) surface in a single unit cell of the 
diameter of t  the single face area of unit  of particles, for FCC 
unit cell S=a2, for HCP unit cell, and 
second phase particles, for FCC and HCP unit cells kSP =2; d is the average 
he particles; S is  cell
( ) 8/2/336 2aacS += , a and c are the 
latti
f s
Nv = Ns/d                                                     (6.16) 
where Ns is the particle number per unit area. 
The hydrogen trap parameter α could be calculated: 
ce constant. 
The particle volume fraction Vf and the number of particles per unit volume Nv 
can be calculated with the Fullman equation: 
V  =π/6·N ·d2                                                  (6.15) 
⎟
⎠
⎞⎜
⎝
⎛= RT
EN bexpα                                              (6.17) 
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where LT NNN = , Eb  is the binding energy of the hydrogen and traps. The trap 
parameter α is not only related to the density of the traps, it also has a 
relationship with the type of trap. 
When the concentration of hydrogen in traps is much lower, α can be simplified 
as: 
L
T
t
t+−= 1α                                                  (6.18) 
culated by Equation (5.7), and  in Equation (6.7) can be 
calculated using the data from Oriani [82]: 
where tT can be measured by the experiment into the permeation of hydrogen, 
t L can be cal DL
⎟
⎠
⎞⎜
⎝
⎛−= RT
QDL exp0                                            (6.19) 
−
D
where ScmD /1078.00 ×= , molJmolcalQ /7950/190023 == . 
6.4 Results of the permeation of hydrogen 
Experiments into the permeation of hydrogen were carried out on four optimised 
steels TB2, OTB, CB2 and OCB with different compositions. Square samples 
were cut, from the near surface (Location 1), the centre (Location 3) and 1/4 
thickness location (Location 2) of each steel plate (see Figure 2.7). Each 
specimen was only used once to measure the permeation of hydrogen and obtain 
one curve. The samples in the following text will be named as the steel name and 
location of the steel (TB2-1, TB2-2, TB2-3, etc.). 
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6.4.1 Results of hydrogen permeation in TB2 steel 
Figure 6.2 shows the curve of hydrogen permeation at different temperatures in 
the TB2-1 sample. The thickness L of the sample is 0.729 mm. According to the 
curve, the lag time tT and penetration time tb can be obtained, then the effective 
coefficient of hydrogen diffusion Deff and parameter of the trap α can be 
calculated from the lag time. By plotting the straight line of lnDeff vs. reciprocal 
temperature 1/T using Equation (6.12) (see Figure 6.3), the activation energy Q 
 
1 .0
can then be calculated from the slope of the straight line. 
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Figure 6.2 Curve of hydrogen permeation at different temperatures in the 
TB2-1 sample 
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Figure 6.4 Curve of hydrogen permeation at different temperatures in the 
TB2-2 sample 
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Figure 6.6 shows the curve of hydrogen permeation at different temperatures in 
the TB eff  
temperature 1/T of TB2-3 sample. The thickness L of the TB2-3 sample is 0.729 
mm. 
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Tables 6.1, 6.2, and 6.3 show the parameters from the permeation curve and 
calculations of TB2-1, TB2-2, and TB2-3 samples, respectively. It can be seen 
that the parameter of the trap α of the sample (7.23-7.70 at 293 k) is quite high, 
which shows that there are lots of trapping sites in the steel, then the diffusion of 
hydrogen in the steel plate decreases (the penetration time for hydrogen is 
tb=187.5-218 s at 293 k), and the activation energy increases and coefficient of 
diffusion decreases in comparison to the pure iron without trapping sites. 
 
Temp 293 310 323 338 
f
(
c
m
10000/T(K-1)  
Figure
Table 6.1 Results of hydrogen permeation for sample TB2-1 (L = 0.729 mm) 
erature T (K) 
Lag time tT (s) 250 143 96 58 
Penetration time, tb (s) 193 110  76.5 46.5 
Diffusion coefficient, Deff (cm2/s) 3.54×10-6 6.19×10-6 9.23×10-6 1.53×10-5
Activation energy, Q (kJ/mol) 26.59 
Trap parameter, α 7.42  4.76  3.38  2.02  
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ple TB2-2 (L = 0.735 mm) 
Temperature T (K) 293 303 313 328 
 
Table 6.2 Results of hydrogen permeation for sam
Lag time tT (s) 248.5 197 119 81 
Penetration tim 138 
Diffusion coefficient, D f (cm2/s) 3.62×10 4.57×10 7.57×10-6 1.11×10-5
Activation energy, Q (kJ/mol) 26.72 
α 
e, tb (s) 187.5 92 64 
ef
-6 -6
Trap parameter, 7.24 6.27 3.86 2.80 
 
Table 6. ogen perme  for sa  TB2-  0.72 ) 
Temperature T (K) 293 308 318 328 
3 Results of hydr ation mple 3 (L = 9 mm
Lag time tT (s) 289 187 119 79 
P  2 1
Diffusion f (cm2/s) 3.0 4.7 7.44 -6 1.12×10-5
Act l) 
enetration time, tb (s) 18 42 93 62 
 coefficient, Def 6×10-6 4×10-6 ×10
ivation energy, Q (kJ/mo 29.68 
Trap parameter, α 8.74 6.39 4.18 2.77 
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temperatu 1 sample. The thickness L e OTB mple is 0.689 
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Figure 6.8 Curve of hydrogen permeation at different temperatures in the 
B-1 sample  
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mperature 1/T of OTB-2 sample. The thickness L of the OTB-2 sample is 0.795 
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igure 6.12 shows the curve of hydrogen permeation at different temperatures for 
eff s. reciprocal 
temperature 1/T of OTB-3 sample. The thickness L of the sample is 0.695 mm. 
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Figure 6.12 Curve of hydrogen permeation at different temperatures in the 
OTB-3 sample 
 
30 31 32 33 34
-13.0
-12.5
-12.0
-11.5
l
n
D
e
f
f
(
c
m
2 /
s
)
10000/T(K-1)  
.13 lnD vs. 1/TFigure 6  of hydrogen permeation in the OTB-3 sample 
 
CHAPTER 6 THE PERMEATION OF HYDROGEN IN HOT ROLLED STEEL PLATES 
FOR ENAMELLING  
 178
 Tables 6.4, 6.5 and 6.6 show the parameters from the permeation curve and
calculations of OTB-1, OTB-2 and OTB-3 samples, respectively. It can be seen 
that the activation energy of the OTB sample is close to the TB2 sample. 
 
Table 6.4 Results of hydrogen permeation for sample OTB-1 (L = 0.689 mm) 
Temperature T (K) 293 308 323 335 
Lag time tT (s) 278 155 98.5 73 
Penetration time, tb (s) 205 117 76 56 
-6 8.03×10-6 1.08×10-5
Activation energy, Q (kJ/mol) 25.92 
Diffusion coefficient, Deff (cm2/s) 2.85×10-6 5.10×10
Trap parameter, α 9.49 5.85 4.03 3.15 
 
Table 6.5 Results of hydrogen permeation for sample OTB-2 (L = 0.795 mm) 
Temperature T (K) 293 303 311 325 
Lag time t (s) 312 177 112 82.5 T 
Penetration time, tb (s) 225 140 87 65.5 
Trap parameter, α 7.84 4.58 2.83 2.22 
Diffusion coefficient, Deff (cm2/s) 3.38×10-6 5.95×10-6 9.41×10-6 1.28×10-5
Activation energy, Q (kJ/mol) 33.34 
 
Table 6.6 Results of hydrogen permeation for sample OTB-3 (L = 0.695 mm) 
Temperature T (K) 293 308 318 330 
Lag time tT (s) 256 181 110 85 
Penetration time, tb (s) 166 127 79 61 
Activation energy, Q (kJ/mol) 25.00 
Trap parameter, α 8.49 6.87 4.27 3.54
Diffusion coefficient, Deff (cm2/s) 3.14×10-6 4.45×10-6 7.32×10-6 9.47×10-6
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ows the straight line of lnDeff vs. reciprocal 
1.0
Figure 6.16 shows the hydrogen permeation curve at different temperatures of 
CB2-2 sample. Figure 6.17 sh
temperature 1/T for the CB2-2 sample. The thickness L of the sample is 0.729 
mm. 
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Figure 6.16 Curve of hydrogen permeation at different temperatures in the 
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Figure 6.18 shows the hydrogen permeation curve at different temperatures of 
CB2-3 sample. Figure 6.19 shows the straight line of lnDeff vs. reciprocal 
temperature 1/T for the CB2-3 sample. The thickness L of the CB2-3 sample is 
0.726 mm. 
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Figure 6.18 Curve of hydrogen permeation at different temperatures in the 
CB2-3 sample 
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Tables 6.7, 6.8 and 6.9 show the parameters from the permeation curve and 
calculations of CB2-1, CB2-2, and CB2-3 samples, respectively. It can be seen 
that the parameter of the trap α of the sample (5.05-7.21 at 293 k) is lower than 
the TB2 and OTB samples 
 
Table 6.7 Results of hydrogen permeation for sample CB2-1 (L = 0.744 mm) 
Temperature T (K) 293 303 311 325 
Lag time tT (s) 189 150 96 64 
Penetration time, tb (s) 128 102 66.5 45 
Diffus 1.44×10-5
Activation y, Q (kJ/m 27.87 
Trap parameter, α 5.11 4.40 1.85 
ion coefficient, Deff (cm2/s) 4.88×10-6 6.15×10-6 9.61×10-6
 energ ol) 
2.75 
 
Table 6.8 Results of hydrogen permeation for sample CB2- .729 mm) 
Temperature T (K) 293 303 323 335 
2 (L = 0
Lag time tT (s) 241 121 86 54 
Penetration time, tb (s) 177 87 66 42 
Diffusion coefficient, Deff (cm2/s) 3.67×10-6 7.32×10-6 1.03×10-5 1.64×10-5
Activation energy, Q (kJ/mol) 26.28 
Trap parameter, α 7.12 3.54 2.92 1.74 
 
Table 6.9 Results of hydrogen permeation for sample CB2-3 (L = 0.726 mm) 
Temperature T (K) 298 313 323 338 
Lag time t (s) 187 121 80 T 57.5 
Penetration time, tb (s) 127 83 55 41 
Diffusion coefficient, D (cm2/s) 4.70×10-6 7.26×10-6 1.10×10-5 1.53×10-5eff 
Activation energy, Q (kJ/mol) 25.33 
Trap parameter, α 5.71 4.06 2.68 2.02 
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6.4.4 Results of hydrogen permeation in OCB steel 
ve at different temperatures of 
OCB-1 sample. Figure 6.21 shows the straight line of lnDeff vs. reciprocal 
temperature 1/T for the OCB-1 sample. The thickness of the sample is 0.670 mm. 
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Figure 6.20 Curve of hydrogen permeation at different temperatures in the 
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Figure 6.21 lnD vs. 1/T of hydrogen permeation in the OCB-1 sample 
CHAPTER 6 THE PERMEATION OF HYDROGEN IN HOT ROLLED STEEL PLATES 
FOR ENAMELLING  
 184
Figure 6.22 shows the hydrogen permeation curve at different temperatures of 
OCB-2 sample. Figure 6.23 shows the straight line of lnDeff vs. reciprocal 
temperature 1/T for the OCB-2 ess L of the OCB-2 sample is 
0.698 mm. 
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Figure 6.24 shows the curve of hydrogen permeation at different temperatures for 
the OCB-3 sample. Figure 6.25 shows the straight line of lnDeff vs. reciprocal 
temperature 1/T for the OCB-3 sample. The thickness L of the OCB-3 sample is 
0.703 mm. 
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ples. 
Table 6.10 Results of hydrogen permeation for sample OCB-1(L = 0.67 mm) 
Temperature T (K) 293 310 323 333 
Tables 6.10, 6.11, and 6.12 show the parameters from the permeation curve and 
calculations for the OCB-1, OCB-2, and OCB-3 samples, respectively. It can be 
seen that the parameter of the trap α of the OCB sample is higher than the CB2 
sample, but lower than the TB2 and OTB sam
 
Lag time tT (s) 195 99 67 48 
Penetration time, tb (s) 132 70 48 36.5 
Diffusion coefficient, Deff (cm2/s) 3.84×10-6 7.56×10-6 1.12×10-5 1.56×10-5
Activation energy, Q (kJ/mol) 28.19 
Trap parameter, α 6.78 3.72 2.62 1.83 
 
Table 6.11 Results of hydrogen permeation for sample OCB-2 (L=0.698 mm) 
Temperature T (K) 293 306 319 331 
Lag time tT (s) 218.5 135.5 83 60 
Penetration time, tb (s) 150.5 98 62 45.5 
Diffusion coefficient, Deff (cm2/s) 3.72×10-6 5.99×10-6 9.78×10-6 1.35×10-5
Activation energy, Q (kJ/mol) 27.73 
Trap parameter, α 7.03 4.72 2.98 2.21 
 
able 6.12 Results of hydrogen permeation for sample OCB-3 (L=0.703 mm) T
Temperature T (K) 293 310 323 333 
Lag time t (s) 187.5 100 70.5 44 T 
Penetration time, tb (s) 130 74 52 35 
Diffusion coefficient, Deff (cm2/s) 4.39×10-6 8.23×10-6 1.17×10-5 1.87×10-5
Activation energy, Q (kJ/mol) 28.42 
Trap parameter, α 5.79 3.33 2.46 1.36 
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6.5 Discussion 
ves of hydrogen permeation for the four steels at different temperatures 
are shown in the above figures. It can be seen that the diffusion of hydrogen has 
accelerated with an increase in temperature. Generally, the diffusion of hydrogen 
in the TB2 and OTB samples was slower than in the OCB and CB2 samples 
when the temperature was the same, and the rate of hydrogen diffusion in the 
OCB sample was slightly slower than in the CB2 sample at the same 
temperature. 
6.5.2 The permeation of hydrogen at different locations 
The parameters of hydrogen permeation of four steels at temperature 293 K in 
Tables 6.1 to 6.12 were rearranged in Tables 6.13 to 6.16. Tables 6.13 to 6.16 
show that the parameters of hydrogen permeation have a relationship with where 
they are located in the thickness of the steel plates. The maximum value of 
2 
steel, howev eter of the trap have no 
obvious relationship with their locations. The relationship of hydrogen 
 6.26. 
 
 
 
 
 
6.5.1 The diffusion of hydrogen at different temperatures 
The cur
activation energy and penetration time occurred at location 2, except for the TB
er the coefficient of diffusion and param
permeation parameters vs. samples’ locations were plotted in Figure
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Sample Location Location 1 Location 2 Location 3 
 
Table 6.13 Results of hydrogen permeation for the sample TB2 
Temperature T (K) 293（21） 293（19） 293（20） 
Sample thickness, L (cm) 0.0729 0.0735 0.0729 
Lag time tT (s) 250 248.5 293 
Penetration time, tb (s) 193 187.5 218 
Diffusion coefficient, Deff (cm2/s) 3.54×10-6 3.62×10-6 3.06×10-6
Activation energy, Q (kJ/mol) 26.59 26.72 29.68 
Trap parameter, α 7.42 7.24 8.74 
 
Table 6.14 Results of hydrogen permeation for the sample OTB 
Sample Location Location 1 Location 2 Location 3 
Temperature T (K) 293（21） 293（19） 293（21） 
Sample thickness, L (cm) 0.0689 0.0795 0.0695 
Lag time tT (s) 278 312 256 
Penetration time, tb (s) 205 225 166 
Diffusion coefficient, Deff (cm2/s) 2.85×10-6 3.38×10-6 3.14×10-6
Activation energy, Q (kJ/mol) 25.92 33.34 25.00 
Trap parameter, α 9.49 7.84 8.49 
 
Table 6.15 Results of hydrogen permeation for the sample CB2 
Sample Location Location 1 Location 2 Location 3 
Temperature T (K) 293（19） 293（20） 293（20） 
Sample thickness, L (cm) 0.0744 0.0729 0.0726 
Penetration time, t (s) 128 177 127 
eff 
Lag time tT (s) 189 241 187 
b 
Diffusion coefficient, D (cm2/s) 4.88×10-6 3.67×10-6 4.70×10-6
Activation energy, Q (kJ/mol) 27.87 26.28 25.33 
Trap parameter, α 5.11 7.12 5.71 
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permeation for the sample OCB 
Sample Location Location 1 Location 2 Location 3 
 
Table 6.16 Results of hydrogen 
Temperature T (K) 293（19） 293（21） 293（20） 
Sample thickness, L (cm) 0.067 0.0698 0.0703 
Lag time tT (s) 195 218.5 187.5 
Penetration time, tb (s) 132 150.5 130 
Diffusion coefficient, Deff (cm2/s) 3.84×10-6 3.72×10-6 4.39×10-6
Activation energy, Q (kJ/mol) 28.19 27.73 28.42 
Trap parameter, α 6.78 7.03 5.79 
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Figure 6.26 Relationship between hydrogen permeation parameters vs. 
samples’ locations: (a) activation energy Q, (b) penetration 
time tb, (c) effective coefficient of diffusion Deff, and (d) trap 
parameter α 
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ormally, the microstructure, chemical composition, and mechanical properties 
at the 1/4 location in the thickness of the steel plate can be average of that of the 
whole plate. Some elements in the centre of the plate may be segregated, either 
on the surface or near the surface layer, and a decarburised layer or fine grain 
which cannot be the typical character of the microstructure and property for the 
whole plate, may also occur. So the hydrogen permeation parameter in Location 
2 has a higher credibility than Locations 1 or 3. 
d 
enetrated through the whole thickness of the plate, so an average permeation of 
hydrogen in the heavy plate could be explained by the average parameter of 
hydrogen permeation at different locations. The average parameters should be 
more meaningful than the thin sample at different locations in the thickness of 
the heavy plate. Therefore, the simple arithmetic average values of the hydrogen 
permeation parameters at different locations were calculated and listed in Table 
6.17. 
Table 6.17 shows that the OTB steel has the highest trap parameter and lowest 
highest coe
diffusion behaves exactly opposite to the trap parameter, which means if the steel 
as more trapping sites, they will have to be a greater ability to store hydrogen, a 
wer coefficient of diffusion, and a lower susceptibility towards fishscaling. 
N
6.5.3 Average parameters of hydrogen permeation 
When the heavy plate was enamelled, the hydrogen must be stored an
p
coefficient of diffusion; whereas the CB2 steel has the lowest trap parameter and 
fficient of diffusion. This result also shows that the coefficient of 
h
lo
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Table 6.17 Average parameters of hydrogen permeation experiments for 
TB2, OTB, CB2, and OCB steel heavy plates 
Sample TB2 OTB CB2 OCB 
 
Temperature T (K) 293 293 293 293 
Lag time tT (s) 263.8 282 205. 7 200.3 
Penetration time, tb (s) 199.5 198. 7 144 137.5 
Diffusion coefficient, Deff (cm2/s) 3.41×10-6 3.12×10-6 4.42×10-6 3.98×10-6
Activation energy, Q (kJ/mol) 27.66 28.09 26.49 28.10 
Trap parameter, α 7.80 8.61 5.98 6.53 
 
28.09, 26.4  kJ/mol for the TB2, OTB, CB2, and OCB samples, 
spectively. These values are larger than the activation energies of dislocations 
e volume fraction of trapping sites. The trap parameter α 
f the OTB sample is the largest of the four steel samples, so the OTB sample 
as much more irreversible trapping sites than the TB2, OCB and CB2 samples. 
reversible trapping leads to a large decrease in the diffusion of hydrogen [88], 
nd therefore it is reasonable that the diffusion of hydrogen in the OTB sample is 
The activation energies for the diffusion of hydrogen in the samples were 27.66, 
9, and 28.10
re
(25.6 kJ/mol) and close to the activation energies of micro-voids (29.1 kJ/mol) 
[86]. This means that the precipitates that existed in the samples can act as 
irreversible trapping sites for hydrogen atoms, which have similar function as 
micro-voids. The number of irreversible trapping sites can be correlated with the 
volume fraction of precipitates [87]. In this study the trap parameter α can be 
another expression of th
o
h
Ir
a
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e lowest, which is in good agreement with the results of the hydrogen 
permeation listed in Table 6.17. 
It was suggested that the coefficient of hydrogen diffusion in porcelain 
enamelling steels should be lower than 2.0×10-6 cm2/s to prevent fishscale [30], 
but the effective coefficients of diffusion of the four steels tested were all higher 
than this criterion value when the experiments into the permeation of hydrogen 
were carried out at 293 K (see Table 6.17). The enamelling process for the 
developed steels shows that no fishscaling occurred to th B2, OTB, and OCB 
Fishscaling e CB2 or CB1 steels sometimes, according to the 
ustomers’ complaint about the quality of the steel. In this study, there are some 
Different steels have different chemical composition, and thus their ability to trap 
and diffuse hydrogen differs. It has been reported that the chemical compositions 
th
e T
steels even though these samples had vitreous enamel placed on both sides.  
only occurred on th
c
traces of fishscale in the enamel on the CB2 steel. The criterion value provided 
by Papp et al. [30] is not suitable for the hot rolled low carbon steel heavy plates 
developed for enamelling in this study. It can therefore be concluded from Table 
6.17 and the results of the enamelling experiments in Chapter 5 that the criterion 
value of an effective coefficient of hydrogen diffusion for judging whether 
fishscaling occurred on the steels being studied or not, should be higher than 
3.98×10-6 cm2/s and lower than 4.42×10-6 cm2/s. That is, between the values of 
the OCB and CB2 steels, although a more accurate Deff criterion value needs to 
be studied further. 
6.5.4 Effects of chemical compositions on the permeation of hydrogen 
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t of Ti, C, N, S, and other impure elements are the 
key factors in determining the particles (inclusions and precipitates) in steel in 
order to ensure an adequate resistance to fishscaling. The efficient titanium 
addition Ti* can be calculated by Equation (6.20): 
Ti* = 4C + 3.42N + l.5S                                        (6.20) 
Total addition of Ti can be calculated by Equation (6.21): 
Ti ＝ Ti* + ∆Ti                                              (6.21) 
where ∆Ti is an excessive amount of Ti, and ∆Ti is normally about 0.02-0.04%. 
When an excessive amount of Ti is added to the steel then the total amount of C, 
N, and S determines the particles and its resistance to fishscaling. 
According to the stoichiometric calculations, the Ti combines with C, N, and S to 
form compounds. The theoretically effective amounts of Ti, N, and C that should 
be added to the developed steels are listed in Table 6.18. By comparing the data 
in Tables 3.4 and 6.18, it can be seen that the Ti in TB2 steels was much higher 
than the theoretical amount, and the Ti in the OTB and OCB steels was slightly 
lower than the theoretical amount of each sample at about 0.004% and 0.008%, 
respectively. However, 0.05% V was added to the two steels, the precipitation 
amount of N, which will com
effective am uld be lower than the data listed in Table 6.18, that is, 
e Ti amount in the OTB and OCB steels was enough. 
will significantly affect the diffusion of hydrogen in steel for enamelling [89-94]. 
In particular, the total amoun
temperature of VN was close to the Ti(C, N), so the addition of V will reduce the 
bine with the Ti in Equation (6.20), then the actual 
ount of Ti sho
th
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enerally, designing the chemical composition of the OTB and TB2 steels was 
more reasonable than the OCB and CB2 steels from a theoretical perspective, and 
G
the results of the actual coefficients of hydrogen diffusion and measurements of 
the trap parameters. Furthermore, the chemical compositions of the OTB steel 
were better than the TB2 steel, and the OCB steel was better than the CB2 steel. 
The OTB steel was the best of the four steels developed from the perspective of 
their chemical compositions and results of the hydrogen permeation tests. 
 
Table 6.18 Theoretical quantities of Ti, C and N (mass %) 
Steel Titheoretical Ntheoretical Ctheoretical
OTB 0.0545 0.0038 0.0260 
TB2 0.0495 0.0037 0.0205 
.0541 
OCB 0.0242 0.0025 0.0345 
CB2 0.0219 0.0065 0
 
6.6 Summary  
In this chapter the experimental principle for an electro-chemical hydrogen 
permeation test method was introduced, and then the hydrogen permeation of hot 
rolled steel plates TB2, OTB, CB2 and OCB were studied. The lag time, 
penetration time, coefficient of diffusion, activation energy, and trap parameter 
were measured and calculated. It can be found from these results that: 
1. The parameters of hydrogen permeation have a relationship with their location 
penetration 
in the thickness of the steel plates. The maximum value of activation energy and 
time occurred at the 1/4 location in the thickness, except for the TB2 
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 sequence of 
 hydrogen of the four types of steels 
d are all higher than 2.0×10-6 cm2/s at a temperature of 20 ºC, but the 
enamelling results show that only the CB2 steels had occasional outbreaks of 
fishscaling, while this never happened to the TB2, OTB, and OCB steels even 
those both sides of these steels were vitreous enameled. This means the criterion 
value of Deff for judging fishscaling on the hot rolled heavy plate steels is higher 
than 2.0×10-6 cm2/s and lower than a value between 3.98×10-6 cm2/s and 
4.42×10-6 cm2/s. For strictly speaking, 3.98×10-6 cm2/s is a proper criterion value 
for judging resistance to fishscaling on the hot rolled heavy plate steels, but more 
steel, but coefficient of diffusion and trap parameter have no obvious relationship 
with the location. The average permeation parameters can be used to analyse the 
permeation of hydrogen in heavy plate. 
2. The coefficient of hydrogen diffusion is in the
Deff(OTB)<Deff(TB2)<Deff(OCB)<Deff(CB2), while the trap parameter α is in the sequence 
of α(OTB)>α(TB2)>α(OCB)>α(CB2), and the activation energy Q of the OTB and OCB 
steels is the highest. According to the theoretical requirements of chemical 
compositions and the results of actual measurement, OTB steel was the best of 
the four tested steels for trapping hydrogen. 
3. The effective diffusion coefficients of
develope
accurate Deff criterion value needs to be studied further. 
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CHAPTER 7 
 
ANALYSING THE PRECIPITATES OF HOT ROLLED 
STEEL PLATES FOR ENAMELLING 
 
7.1 Introduction  
studied, and
OTB steel was the lowest and the trap parameter of the OTB steel was the 
highest. The trap parameter α is correlated to the quantity of the trapping sites. 
The trapping sites can be classified into reversible and irreversible types 
according to the binding energy (Eb/eV) with the hydrogen atoms [34]. Normally, 
the dislocation and grain boundary, which has a lower Eb of about 0.25-0.27 eV 
are reversible sites, whereas the inclusion, precipitate and micro-void which have 
a higher Eb of about 0.80-0.98 eV, are irreversible sites for hydrogen atoms. 
Normally, there are almost no micro-voids in hot rolled steels for enamelling 
because the temperature is high when the steel is rolled which means that very 
and precipita
e inclusions will have a detrimental effect on its deformability and mechanical 
properties. Therefore, precipitates such as TiN, TiC, Ti(C, N), V(C, N) and 
In Chapter 6 the permeation of hydrogen in the four developed steels were 
 the results show that the coefficient of hydrogen diffusion Deff of the 
few micro-voids could be maintained at room temperature. However, inclusions 
tes in the steel are efficient and irreversible sites for hydrogen but 
th
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ne on hot and cold rolled 
. 
.2 Observation of the microstructure with an optical microscope 
Figures 7.1 and 7.2 show the microstructures of these four steels under lower 
magnification (100×) and higher magnification (500×), respectively. The 
microstructures of the TB2 and OTB steels consist of equi-axial ferrite grains and 
smaller pearlites scattered between the ferrite (see Figure 7.1(a) and (b)). The 
CB2 and OCB steels have more pearlites and band structures, especially the CB2 
steel, due to its high carbon content (see Figure 7.1(c) and (d)). 
Ideally, the microstructures of enamelling steel should be mostly equi-axial 
amounts of t
band structure index AI should be lower than 2.0 (rating by ASTM E1268-2001), 
or non-uniform enamel surface bubbling defects will occur in the direction of the 
pearlite band, this defect is caused by a decomposition and segregation of the 
Ti4C2S2 (also thought of as inclusions) are typical phases used in hot and cold 
rolled enamelling steels which influence the permeation of hydrogen, which is 
why the effects that these particles have on the diffusion of hydrogen and the 
mechanical properties have been studied by many researchers [5, 8, 13, 87, 
95-97], even though most of the research has been do
sheet steels and little on hot rolled heavy plate steels
In this chapter the microstructures and qualitative and quantitative analyses of 
precipitates will be carried out on the four heavy plate steels TB2, OTB, CB2, 
and OCB, that have been developed. 
7
ferrites with small amounts of granular or sheet pearlites, and with limited 
ertiary cementite precipitates on the grain boundary. The pearlite 
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earlite band structure, especially on the surface where the gases created by the 
reaction to enamelling are emitted and form these defects in the enamel and on 
the surface. So the quantity of pearlite and its distribution in the CB2 steel cannot 
satisfy the requirements for enamelling steel. 
 
p
  
  
(b)(a) 
(c) (d)
Figure 7.1 OM micrographs of four developed steels: (a) TB2, (b) OTB, (c) 
CB2, and (d) OCB 
 
The morphology of inclusions and precipitates in these four steels were observed 
under an optical m
7.2. In the steels, it is easy to see some 
quare particles (marked by a black arrow in Figure 7.2(a) and (b)), whose 
icroscope with high magnification (500×), as shown in Figure 
microstructures of the TB2 and OTB 
s
golden colour is typical of titanium nitride or carbide. However, in the 
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microstructures of the CB2 and OCB steels these particles are difficult to find, 
especially the CB2 steel, where only very small particles were found in the OCB 
steel (marked by the white arrow in Figure 7.2(d)). 
 
(b)(a) 
  
  
(c) (d)
Figure 7.2 OM micrographs showing the particles of four developed steels: 
(a) TB2, (b) OTB, (c) CB2, and (d) OCB 
 
7.3 Analyses of precipitates extracted by carbon replica 
The precipitates in the four hot rolled steels were extracted on carbon replicas 
and examined with an H-800 transmission electron microscope (TEM). It was 
replicas we rally, two types of precipitates having different 
found that the grade, quantity, and distribution of the precipitates in the carbon 
re different. Gene
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hapes and sizes were visible; one had larger, round or elliptical particles about 
50-70 nm in size; these existed mainly in the OTB and TB2 samples (see Figure 
7.3(a) and (b)), while the other smaller, square or rectangular particles about 
10-30 nm in size, existed mainly in the OCB and CB2 samples (see Figure 7.3(c) 
and (d)). 
 
s
 
(a) (b)
 
 
(c) (d)
  
Figure 7.3 Morphology of the particles extracted by the carbon replica from 
the four steel samples: (a) TB2, (b) OTB, (c) CB2, and (d) OCB 
 
There were more large particles in the OTB sample than the TB2 sample, 
whereas there were less small particles in the OTB sample than the TB2 sample 
(see Figure 7.4(a) and (b)). There were less large particles in the CB2 and OCB 
samples than that in the TB2 and OTB samples, and there were more small 
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particles in the OCB sample than that in the CB2, TB2 and OTB samples. 
 
  
  
(b)(a) 
(c) (d)
Figure 7.4 Quantity and distribution characteristics of precipitates in the 
carbon replica extracted from the four developed steel samples: 
(a) TB2, (b) OTB, (c) CB2, and (d) OCB 
 
G2 HRTEM
area electron
 identify the precipitates. 
 
 
The precipitates in the carbon replica samples were all examined by FEI Tecnai 
 equipped with an energy dispersive spectrometer (EDS). Selected 
 diffraction (SAD) patterns combined with EDS analysis were used 
to
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7.3.1 Analyses of precipitates in the TB2 sample 
Figures 7.5 and 7.6 show the large particles of carbon replicas extracted from the 
d 500 nm in size, which is 
 
TB2 sample, these particles are between 300 nm an
normally larger than the Ti(C, N) particles. There were not many of these types 
of particles in the TB2 sample, and their shape was either round or elliptic. 
Figures 7.5(b) and 7.6(b) show the EDS spectra of these particles, where it can be 
seen that their chemical compositions include C, S, and Ti, and the atomic ratio 
of Ti/S is close to 2. These particles can therefore be identified as the hexagonal 
structure phase Ti4C2S2. Large Ti4C2S2 is the main particles in the TB2 sample. 
 
  
Figure 7.5 Large particles of Ti4C2S2 in the TB2 sample: (a) morphology of 
particles, and (b) EDS spectrum of the particle marked by red 
 
 
circle in (a) 
 
(b)(a) 
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(b)(a) 
Figure 7.6 Large particles of Ti4C2S2 in the TB2 sample: (a) morphology of 
particles, and (b) EDS spectrum of the particle marked by red 
circle in (a) 
 
Figure 7.7 sh
TB2 sample. These particles are smaller than the Ti4C2S2 particles, being 
etween 10 nm and 30 nm in size, and have been identified as face centred cubic 
(FCC) Ti(C, N) particles. During the experiment, the corners of part of the Ti(C, 
N) particles were rounded due to effects of the electrolysis and high-energy 
electron bombardment. 
 
 
 
 
 
 
ows the morphology and SAD pattern of the other particles in the 
b
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(a) (b)
   
Figure 7.7 A small particle of Ti(C, N) in the TB2 sample and its SAD 
pattern: (a) particle size and morphology, and (b) SAD pattern 
 
Figure 7.8 shows that particles of Ti
of particle in (a) 
pectrum of the small particle 
arked by an arrow and named Ti(C, N) in Figure 7.8(a), that the main elements 
of the precipitate contain Ti, C, and N, and since the atomic ratio of Ti/N is close 
to 1, this particle should be TiN. There  
because of the carbon replica, the carbon in replica cannot be distinguished from 
the carbon in the particle, so the particle can also be thought of as Ti(C, N). TiN 
and TiC are all FCC phase structures where the lattice constants are very close, 
so it is hard to distinguish the with TiC on the carbon replica sample. 
Normally, TiN and TiC are si scribed to one type of particle Ti(C, N) in 
is study, therefore there are usually two kinds of particles in the TB2 sample, 
4C2S2 and Ti(C,N) exist in the TB2 sample. It 
can be seen from Figure 7.8(c) that the EDS s
m
is also a lot of carbon in the spectrum but
 TiN 
mply a
th
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the larger particle of Ti4C2S2 and smaller particle of Ti(C, N), although there are 
more Ti4C2S2 than Ti(C, N). 
 
    
 
Figure 7.8 Two different particles in the TB2 sample and its EDS spectrum: 
(a) size and morphology of the particle, (b) EDS spectrum of a 
4 2 2
 
particle of Ti C S  in (a), and (c) EDS spectrum of Ti(C, N) 
particle in (a) 
 
(b)(a) 
(c)
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7.3.2 Analyses of precipitates in the OTB sample 
e OTB samples 
were analysed by the TEM combined with EDS and SAD. After a large number 
of EDS spectrum analyses were conducted, the results showed that the large 
particles in the OTB sample are hexagonally structured Ti4C2S2 and FCC Ti(C, 
N), while a smaller amount of MnS and fine particles in the OTB sample were 
either square or rectangular shape. The EDS analysis showed that the fine 
particles were also FCC Ti(C, N). The size and morphology of the MnS particles 
were similar to Ti4C2S2, but the ingredients of the EDS spectrum can distinguish 
it. If the atomic ratio of Ti/S is close to 2, it can be basically identified as Ti4C2S2, 
but if the atomic ratio of Mn/S is close to 1, it can be identified as MnS. A 
 
The morphology, composition, and structures of particles in th
particle of MnS and its EDS spectrum are shown in Figure 7.9. 
 
 
(b)(a) 
Figure 7.9 A particle of MnS in the OTB sample and its EDS spectrum: (a) 
particle size and morphology, and (b) EDS spectrum of particle 
marked by red circle in (a) 
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The shape of the MnS particles shown in Figure 7.9(a) is similar to of the 
particles of Ti4C2S2 shown in Figures 7.5(a), 7.6(a) and 7.8(a), but the EDS 
spectrum shows that the atomic ratio of Mn/s is obviously different from the 
atomic ratio of Ti/S shown in Figures 7.5(b), 7.6(b) and 7.8(b). 
The fine particles in the OTB sample are either square or rectangular, while the 
EDS spectrum and SAD pattern show that the fine particles are mainly FCC Ti(C, 
N). Figure 7.10 shows a rectangular particle of Ti(C, N) and its SAD pattern, 
Figure 7.11 shows another square particle of Ti(C, N) and its SAD pattern, and 
Figure 7.12 shows several square or rectangular particles of Ti(C, N) and EDS 
spectrum of one particle. 
 
  
(b)(a) 
Figure 7.10 A particle of Ti(C, N) in the OTB sample and its SAD pattern: (a) 
particle size and morphology, and (b) SAD pattern of particle in 
(a) 
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(b)(a)
Figure 7.11 A particle of Ti(C, N) in the OTB sample and its SAD pattern: (a) 
particle size and morphology, and (b) SAD pattern of particle in 
(a) 
 
(b)(a) 
 
Figure 7.12 Several particles of Ti(C, N) in the OTB sample and its EDS 
spectrum: (a) particle size and morphology, and (b) EDS 
spectrum of particle marked by red circle in (a) 
 
CHAPTER 7 ANALYSING THE PRECIPITATES OF HOT ROLLED STEEL PLATES FOR 
ENAMELLING 
 209
Figures 7.10, 7.11, and 7.12 show that the size of the fine particles in the OTB 
sample is less than 100 nm, and the average size of the particles is about 50 nm.  
The EDS spectrum of the particles as shown in Figure 7.12(b) shows that the 
main elements in the spectrum are Ti, C, and N, and the atomic ratio of Ti/N is 
close to 1, so these particles are identified as Ti(C, N). 
7.3.3 Analyses of precipitates in the CB2 sample 
The particles in the CB2 sample were mainly rectangular or square and their 
sizes were normally less than 100 nm. Figures 7.13 - 7.15 show the morphologies, 
SAD patterns, or EDS spectrum analyses of these rectangular or square particles. 
 
  
(b)(a) 
Figure 7.13 A small particle of Ti(C, N) in the CB2 sample and its SAD 
pattern: (a) particle size and morphology, and (b) SAD pattern 
of particle in (a) 
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(b)(a)
Figure 7.14 A small particle of Ti(C, N) in the CB2 sample and its SAD 
pattern: (a) particle size and morphology, and (b) SAD pattern 
of particle in (a) 
 
(b)(a) 
  
Figure 7.15 A particle of Ti(C, N) in the CB2 sample and its EDS spectrum: 
(a) particle size and morphology, and (b) EDS spectrum of 
particle marked by red circle in (a) 
 
In this study we found that these particles have almost the same FCC structure 
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and similar compositions; identified as Ti(C, N). There are fewer large particles 
(more than 100 nm) in the CB2 sample, and normally these large particles are 
Ti4C2S2, TiS, or MnS and they are perfectly irreversible trapping sites for 
hydrogen in steel. This result also indicates that the CB2 steel is not suitable for 
enamelling. 
7.3.4 Analyses of precipitates in the OCB sample 
The shape and size of the particles in the OCB sample were similar to the CB2 
sample, but there were more particles in the OCB sample than that in the CB2 
sample. Most of the particles in the OCB sample were also FCC Ti(C, N) or V(C, 
N) and were less than 100 nm in size. Fewer large particles were found in the 
OCB samples. Figures 7.16 - 7.18 show the particles of Ti(C, N) in OCB samples 
and its SAD patterns or EDS spectra. 
 
  
(b)(a)
Figure 7.16 A square particle of Ti(C, N) in the OCB sample and its SAD 
pattern: (a) particle size and morphology, and (b) SAD pattern 
of particle in (a) 
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(b)(a) 
Figure 7.17 A rectangular particle of Ti(C, N) in the OCB sample and its 
SAD pattern: (a) particle size and morphology, and (b) SAD 
pattern of particle in (a) 
 
Although the particles were identified as Ti(C, N), the atomic ratio of Ti/N was 
about 0.35 to 0.5, which is much lower than 1 (see Figure 7.18(b), (c) and (d)). If 
C also exists in the particle then the atomic ratio of Ti/(C+N) should be lower 
than 0.35-0.50. There was more or less V in the spectrum and the atom 
percentage of V varied from 1.69 to 4.29%, so there must be more or less V 
element in the particles of TiC, TiN or Ti(C, N). V can substitute for Ti in the 
particles of TiN or TiC. 
There was more V than Ti in the OCB steel (see Table 3.4), so the particles of 
V(C, N) can be precipitated during the finish rolling temperature (880 ºC) and 
also cooling [98]. There was not enough Ti in the OCB steel according to 
Equation (6.20), so the Ti will combine with the N (and/or C) first to form TiN 
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(or Ti(C, N)), and then the remaining N and C will combine with V to form V(C, 
N); this is why V(C, N) occurred in the OCB steel. 
 
 
(b)(a) 
 
  
Figure 7.18 Particles of Ti(C, N) in the OCB sample and its EDS spectra: (a) 
particle size and morphology, (b) EDS spectrum of particle 1 in 
(a), (c) EDS spectrum of particle 2 in (a), and (d) EDS spectrum 
of particle 3 in (a) 
 
Particles of TiS are normally found in enamelling steels, but they were none in 
the carbon replica samples extracted from the four steel samples, probably due to 
(c) (d)
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the lower content of S and high content of C, because under these compositions 
and hot rolling parameters, it was easier to form Ti4C2S2 than TiS [99]. 
7.4 Analyses of precipitates in film samples 
Thin film samples were also prepared for TEM observation. H800 TEM and FEI 
Tecnai G2 HRTEM were used for analysis. Apart from the coarse particles of 
Ti4C2S2 and Ti(C, N) (≥100 nm), middle size (10-100 nm) particles of Ti(C, N) 
were found in the TB2 and OTB samples, while there were a lot of fine particles 
(≤10 nm) in the four steel samples, especially the OTB and OCB samples. Figure 
7.19 shows an image of these fine precipitates in the four steel samples. The 
results of indexing the SAD pattern of the particles extracted on the carbon 
replica and lattice constant calculation show that these fine particles were (Ti, 
V)C or (Ti, V)N. 
In order to identify these fine particles the OCB steel sample was analysed by 
high resolution electron microscopy, and the results are shown in Figure 7.20. 
Figure 7.20(a) clearly shows the fine particles in the matrix. By selecting a region 
in the precipitate shown in Figure 7.20(a) and then conducting an inverse Fourier 
transform (IFFT), we can obtain the lattice fringe images of the precipitate shown 
in Figure 7.20(b). An analysis revealed that this particle has a FCC crystal 
structure with a crystal plane spacing of d(111) = 0.246 nm, and a lattice constant 
of )111(3da = =0.426 nm, which is very close to the lattice constant of TiC (a = 
0.432 nm) and the lattice constant of TiN (a = 0.420 nm) reported in the literature 
[100, 101], so this precipitate can be identified as Ti(C, N). 
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Figure 7.19 TEM micrographs showing the morphology of fine particles in 
the four developed steels: (a) (a) TB2, (b) OTB, (c) CB2, and (d) 
OCB 
 
  
Figure 7.20 High resolution images of the OCB sample: (a) HRTEM image 
showing Ti(C, N) precipitate in the matrix, and (b) IFFT image 
showing the area selected in (a) 
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7.5 Quantitative analyses of precipitates in steel samples 
A quantitative analysis of the precipitates was carried out using the ordinary 
quantitative metallographic methods [102], which is to measure the average 
diameter d and the number of the particles per unit area Ns from the electron 
micrographs. The relative error of the particle diameter is less than 8% under a 
95% confidence level. The particle volume fraction Vf and the number of 
particles per unit volume Nv can be calculated by the Fullman formula (see 
Equations (6.15) and (6.16)). According to the results of TEM analyses, the main 
precipitates in the four steel samples are Ti4C2S2 and Ti(C, N). The results of 
these quantitative analyses are listed in Table 7.1. 
 
Table 7.1 Quantitative analysis of precipitates in the three developed steels 
for enamelling 
Sample Precipitate Mean size,d (nm) 
Number per unit volume, 
Nv (1020 particles/m3) 
Volume fraction,
Vf  (%) 
Ti(C, N), TiN 10.0  7.552  0.040  
TB2 
Ti4C2S2 70.3  0.034  0.062  
Ti(C, N) 11.0  4.569  0.032  
OTB 
Ti4C2S2 71.3  0.063  0.120  
CB2 Ti(C, N), TiN 25.3  0.474  0.040  
OCB Ti(C, N), V(C, N) 21.7  1.388  0.074  
 
It can be seen that the numbers per unit volume of Ti(C, N) in the TB2 and OTB 
samples are much higher than that in the OCB and CB2 samples, and the mean 
size of Ti(C, N) in the TB2 and OTB samples is about half of that in the OCB 
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and CB2 samples. The volume fraction of Ti(C, N) in the TB2, OTB, and CB2 
samples is roughly the same at about 0.04% but less than that at 0.07%, in the 
OCB sample.  
Particles of Ti4C2S2 in the TB2 and OTB samples mostly consist of the volume 
fraction, the total volume fractions of the particles in the OTB and TB2 samples 
were 0.152% and 0.102%, respectively, which is about double that in the OCB 
and CB2 samples. The volume fraction of particles in the OTB steel was the 
highest, and the results of the quantitative analysis of the precipitates are in good 
agreement with the chemical compositions because the OTB steel has the highest 
contents of Ti, V, N and S. 
7.6 Precipitation temperature of the particles 
A lot of research has been done on the precipitates in enamelling steel [29, 88, 
103-108]. The main precipitates in enamelling steels are lots of fine particles of 
Ti(C, N) and some coarse particles of Ti4C2S2 particles. MnS, TiS and V(C, N) 
may also exist in the steel due to its chemical compositions, reheating 
temperature, hot or cold rolling schedule, and method of heat treatment. 
The phase structure of the precipitates of Ti and V combined with the C and N 
are all FCC structure, and the lattice constants of these phases are very close, so 
it is very difficult to distinguish these precipitates clearly by TEM. However, a 
theoretical calculation according to its chemical compositions, reheating 
temperature, hot rolling schedule and cooling rate after rolling, the precipitation 
temperature and sequence of these phases, can still be obtained. 
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Precipitation of the particles of TiN, TiC, VN and VC are partly determined by 
the solubility of these nitrides, carbides, or carbonitrides in the steel matrix when 
the steel is reheated in the furnace. The solubility of the particles can be 
calculated by the following equations:  
lg[Ti][N]=B-A/T                                                   (7.1) 
lg[Ti][C]=B-A/T                                                   (7.2) 
lg[V][N]=B-A/T                                                (7.3) 
lg[V][C]=B-A/T                                                (7.4) 
We applied the data of B and A provided by Liu et al. [101], Mori et al. [109], 
Irvine et al. [110] and Narita et al. [111], and then calculated the solution 
temperatures of each type of particles in the four steels, the solution temperatures 
are listed in Table 7.2. 
 
Table 7.2 Solid solubility equation and solution temperature of precipitates 
in the four developed steels 
Solution temperature 
Solubility Equation 
TB2 OTB CB2 OCB 
lg[Ti][N]=4.01-13850/T [101] 1641 1606 1425 1446 
lg[Ti][C]=5.12-10300/T [109] 1050 1018 / / 
lg[V][N]=3.4-8330/T [110] / / / 805 
lg[V][C]=6.72-9500/T [111] 741 760 / 769 
 
Table 7.2 shows that the solution temperatures of TiN, TiC, VN and VC decrease 
gradually, but because the solution temperature of TiN was the highest among 
these precipitates it will precipitate mainly at high temperature, even though the 
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steel is liquid. Particles of TiN precipitating from a high temperature liquid steel 
are normally quite large and therefore would be unable to completely dissolve 
when the slab was reheated to about 1200 ºC, so particles are retained in the steel 
before rolling. Of course, some particles of TiN also precipitated at a 
comparatively lower temperature to form in the austenite, but particles that 
precipitate from a lower temperature solid steel are usually smaller than particles 
formed at high temperature. Figure 7.21 shows the large particles of TiN that 
precipitated from liquid TB2 and OTB steels, including their SAD patterns. 
The mass ratio of Ti/N in TB2 and OTB steels is higher than the stoichiometric 
mass ratio 3.42, so there was enough Ti but not enough N, which means that the 
entire N in the steel could be bound by Ti and precipitated. Although V was 
added into the TB2 and OTB steels, VN would not precipitate due to an 
insufficiency of N. The residual Ti will combine with C and then the TiC phase 
will precipitate during the rolling period, where the temperature of precipitation 
should be lower than the solution, which was about 1018 and 1050 ºC for the 
OTB and TB2 steels, respectively. 
Actually the accumulated strain and dislocations will promote precipitation in the 
second phase, so these kinds of particles can precipitate even when the 
temperature is higher than the solution temperature of the particles. VC particles 
have a lower precipitation temperature at about 750 ºC. It is thought that VC 
particles normally precipitate after finishing rolling, but whether it precipitates or 
not, and how much it precipitates, depends on the cooling rate after rolling. 
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Figure 7.21 TEM images of the large particles of TiN that precipitated from 
the liquid steel: (a) square TiN in the TB2 film sample, (b) 
square TiN in the TB2 carbon replica sample, (c) rectangular 
TiN in the OTB carbon replica sample, and (d) SAD pattern of 
particle in (c) 
 
The CB2 steel does not contain V, and there is less Ti and N so there are less 
precipitates in the steel. This was shown by the carbon replica samples, the thin 
film samples, and also the quantitative analysis of the precipitates. 
The mass ratio of Ti/N in the OCB steel is lower than the stoichiometric mass 
ratio of 3.42, so N still remains after it has combined with the Ti to form TiN, 
(b)(a) 
(d)(c) 
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and any residual N will then combine with V to form particles of VN. Table 7.3 
shows that the solution temperature of VN in the OCB steel is about 805 ºC, and 
this temperature was lower than the finishing temperature during hot rolling, and 
VN can precipitate after rolling depending on the thickness of the heavy plate 
and the speed of cooling in air. 
Generally, TiN and TiC precipitate at a temperature that is higher than the 
finishing temperature, while VN and VC precipitate during the finishing 
temperature and following cooling off period. VN or VC can also precipitate at a 
temperature even higher than the solution temperature itself, induced by the 
accumulated strain and dislocations. 
It has been discussed in Chapter 6 that according to the theoretical requirement of 
chemical compositions needed to form Ti(C, N) and Ti4C2S2, OTB steel was the 
best of the four developed steels. In this chapter, the type and quantity of the 
precipitates have been analysed by TEM, with the results showing that OTB steel 
contains a lot of precipitates. The temperature of precipitation and the sequence 
of these particles in the four developed steels were calculated using the solid 
solubility equation and solution temperature according to the actual chemical 
compositions. 
 
7.7 Modelling of correlation between effective coefficient of 
hydrogen diffusion and volume fraction of precipitates 
The volume fractions of precipitates in the four developed steels are in a 
sequence of Vf(OTB)>Vf(TB2)>Vf(OCB)>Vf(CB2) according to the results of the 
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quantitative analysis. This sequence determines the ability of each steel to store 
hydrogen, and these irreversible trapping sites will trap hydrogen atoms and 
decrease their rate of diffusion in the steel. This means that the greater the 
volume fraction of the precipitates, the more hydrogen storage sites there are and 
then the less rate of hydrogen diffusion, that is why the coefficients of hydrogen 
diffusion measured in Chapter 6 are in the sequence of 
Deff(OTB)<Deff(TB2)<Deff(OCB)<Deff(CB2). This is only a qualitative result, but the 
quantitative relationship between the two factors is very important. 
7.7.1 Room temperature model 
From Equations (6.8), (6.9), and (6.18), the relationship between Deff and α can 
be expressed as the following equation: 
)1( α+
= Leff
DD                 (7.5) 
the effective coefficient of diffusion Deff has a reciprocal relationship with 1+α. 
DL is the coefficient of hydrogen diffusion in a metal lattice without the trapping 
sites and DL is a constant when the temperature is fixed. If there are no trapping 
sites in the metal then tT is equal to tL, and α is equal to 0, and the Deff is equal to 
DL. DL can be calculated by the Oriani equation DL = D0 exp (-Q/RT), where D0 = 
0.78×10-3 cm2/s, Q = 7950 J/mol [82]. DL=2.9843×10-5 cm2/s when the 
temperature T is 293 k. 
Plot the trap parameter α (data in Table 6.17) at temperature 293 K vs. the 
volume fraction of the irreversible sites Vf (data in Table 7.1) of the OTB, CB2, 
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and OCB steels and fit the symbol with a linear regression, the graph is shown in 
Figure 7.22. 
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Figure 7.22 Linear relationship between the trap parameter α and volume 
fraction of precipitates Vf 
 
It can be seen that α is proportional to Vf, and r2 of the linear regression is equal 
to 0.99211, this means that the accuracy of the linear relationship between α and 
Vf is very high. The function between α and Vf can be expressed as Equation (7.6) 
according to the regression. 
801.4728.24 += fVα               (7.6) 
Substitute α in Equation (7.5) by α into Equation (7.6), and apply the data of DL 
(2.9843×10-5 cm2/s) at 293k, then the relationship between the Deff and Vf is: 
f
eff V
D
+
×
=
−
2346.0
102069.1 6                (7.7) 
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By using the Vf data listed in Table 7.1, the Deff can be calculated by Equation 
(7.7). Table 7.3 shows the effective coefficients of hydrogen diffusion calculated 
by Equations (7.7) and (6.9). Table 7.3 shows that the Deff calculated by Equation 
(7.7) is very close to the Deff calculated by Equation (6.9), and this result testifies 
that the regressed relationship between α and Vf is accurate. 
 
  
Sample OTB OCB CB 
Table 7.3 Coefficients of hydrogen diffusion (at 293 K) calculated by
different Equations 
Deff (cm2/s) calculated by Equation (6.9) 3.12×10-6 3.98×10-6 4.42×10-6
Deff (cm2/s) calculated by Equation (7.7) 3.12×10-6 3.91×10-6 4.40×10-6
 
7.7.2 V
The roo  the effective coefficient of 
hydrogen diffusion and the volume fraction of the precipitates was established on 
the basis of a regressed linear relationship between the trap parameter α and 
volume fraction Vf. The data of α and Vf of the OTB, CB2, and OCB steels were 
used to establish the model, so now the data from the TB2 steel can be used to 
verify the model. The results of hydrogen permeation in TB2 steel are listed in 
Table 6.13, showing that the Deff average value of the three samples measured is 
3.39×10-6 cm2/s, while the Deff value calculated by the model is 3.59×10-6 cm2/s. 
The measured and calculated Deff value and the volume fraction of precipitates in 
the TB2 steel are listed in Table 7.4. This table shows that the Deff calculated by 
the developed model is very close to the Deff calculated by the measured tT and L, 
erification of the model 
m temperature model of correlation between
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except for sample 3. The Deff value calculated by the model is higher than the 
average value of Deff calculated from the measured data by about 6%. This result 
proves that the model of correlation between the effective coefficient of 
hydrogen diffusion and the volume fraction of irreversible trapping sites in the 
enamelling steel at a temperature of 293 K is acceptable. 
 
Table 7.4 Verification of the established model using data from the TB2 steel 
at a temperature of 293 K 
Sample of the TB2 steel 1 2 3 Average value
Sample thickness, L (cm) 0.0729 0.0735 0.0729  
Lag time, tT (s) 250 248.5 293  
Deff  (cm2/s) calculated by 
Equation (6.9) 3.54×10
-6 3.62×10-6 3.02×10-6 3.39×10-6
Volume fraction of precipitates, 
Vf (%) 
0.102 
Deff  (cm2/s) calculated by 
Equation (7.7) 3.59×10
-6
 
The room temperature model of correlation between the Deff and Vf for 
enamelling steels was successfully established. This means the Deff at room 
temperature can be calculated directly by the volume fraction of precipitates Vf 
(irreversible trapping sites) and vice versa. Actually there are other factors 
influencing the effective coefficient of hydrogen diffusion even if the volume 
fraction of the precipitates is the same because the shape and distribution of the 
precipitates will influence hydrogen trapping. For this model, the precipitates 
were considered to be round particles and the Vf was calculated by the Fullman 
equation based on round particles. 
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7.8 Summary 
In this chapter TEM analyses of the types and quantities of the precipitates in the 
four developed steels have been carried out on the carbon replica and film 
samples, and the precipitation temperature and sequence of the particles in each 
steel have also been calculated by the solid solubility equation and solution 
temperature. A room temperature model of the correlation between the effective 
coefficient of hydrogen diffusion and the volume fraction of the precipitates was 
established on the basis of the experiment on hydrogen permeation and the 
quantitative analysis of precipitates in the four test steels. The results are 
summarised below: 
1. The main particles in the TB2 and OTB samples are coarse Ti4C2S2 and fine 
Ti(C, N), the main particles in the OCB and CB2 sam les are fine Ti(C, N), 
although some particles of V(C, N) were also found in the OCB steel. The 
precipitation temperature of TiN was the highest, and the sequence in which the 
particles precipitated was TiN, TiC, VN and VC, from high to low temperature. 
2. The particles of Ti4C2S2 in the TB2 and OTB samples consisted mostly of the 
volume fraction. The total volume fractions of the particles in the OTB and TB2 
samples were 0.152% and 0.102%, respectively, which is about double that in the 
OCB and CB2 samples. The volume fraction of particles in the OTB steel was 
the highest, and the results of a quantitative analysis of the precipitates was in 
good agreement with the chemical compositions because the OTB steel had  the 
highest contents of Ti, V, N, and S. The volume fraction of precipitates in the 
p
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four developed steels is in sequence of Vf(OTB)>Vf(TB2)>Vf(OCB)>Vf(CB2). 
3. The volume fraction of the particles in the four enamelling steels determines 
the ability of each to store hydrogen, but these irreversible trapping sites will trap 
the hydrogen atoms and decrease its rate of diffusion. This means that the greater 
the volume fraction of the precipitates, the more hydrogen storage sites there are, 
which lowers the rate of hydrogen diffusion, which is why the coefficients of 
hydrogen diffusion measured in Chapter 6 were in the sequence of 
Deff(OTB)<Deff(TB2)<Deff(OCB)<Deff(CB2). So the ability of the enamelling steels to 
store hydrogen could be increased quite efficiently by precipitation of the second 
phases, and the ability of the precipitates to trap hydrogen will not disappear 
even if the steel is enamelled at a high temperature. 
4. The model of a room temperature correlation between the effective coefficient 
of hydrogen diffusion and the volume fraction of the precipitates was 
successfully established. This means the Deff at room temperature can be 
calculated directly by the volume fraction of precipitates Vf (irreversible trapping 
sites) and vice versa. 
5. According to the measurement of hydrogen permeation and the results of the 
precipitate analyses of the four steels, the chemical compositions of the OTB 
steel are the most proper, the volume fraction of the precipitates in the OTB steel 
is the highest, and then the coefficient of hydrogen diffusion coefficient is the 
lowest. The OTB steel has the highest resistance to fishscaling of the eight steels 
studied. 
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CHAPTER 8 
 
CONCLUSIONS AND FUTURE WORK 
 
8.1 Introduction 
The present study concentrated on eight different hot rolled steel plates for 
enamelling. this included the following: their chemical compositions and hot 
rolling schedule design and optimisation, decarburising annealing heat treatment, 
a physical simulation of the firing and industrial enamelling process, an evaluation 
of their weldability and enamellability, adherence bending tests, resistance to 
fishscaling, their hydrogen permeation behaviour and analyses of their 
precipitates, as well as a study of their mechanism. From this a model of 
correlation between the effective coefficient of hydrogen diffusion and volume 
fraction of the precipitates at room temperature was developed, and a new criterion 
value for judging resistance to fishscaling was suggested, and finally, a proper hot 
rolled heavy plate steel for enamelling was developed. 
8.2 Conclusions 
8.2.1 Key technologies in enamelling steels 
A match between high strength and enamellability is the key issue of the steel to 
be developed. Normally, as the strength increases, the precipitates causes a 
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deterioration in adherence at the interface, which means a balance between high 
strength and adherence is the key technological problem that must be solved. A 
proper precipitation of the microalloying elements should be controlled. 
8.2.2 Microstructure and mechanical properties 
1. Decarburising annealing can remove carbon from the surface layer, and the 
decarburised layer can remained after enamelling process but it will not enhance 
adherence at the enamel/steel interface. 
2. A physical simulation of industrial enamelling according to the actual time and 
firing temperature can reveal variations in the microstructure and mechanical 
properties of the actual enamelling process. 
3. The microstructures and the mechanical properties of all the steels studied can 
remain stable either in a simulated firing process or an industrial enamelling 
process. 
4. Some traces of fishscale were found in the enamel of the CB2 steel sample. 
8.2.3 Mechanism of adherence 
1. Good adherence is associated with a multitude of anchor points and 
‘dislodged’ dendrites at or near the interface, while less anchor points, a smooth 
interface line, and more gas bubbles on the interface contribute to poor 
adherence. 
2. The ‘dislodged’ particles near the interface and the Fe-rich dendrites in the 
bubbles near the interface are actually the same product of the interface reaction 
during the firing process. The results of the EDS spectrum analysis show that the 
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main elements in these particles or dendrites are Fe and Si, as well as a small 
amount of Ca, K, and Na. The bubbles further away from the interface have a 
smooth inner wall and no dendrites were found. 
3. There is a transition zone between the layer of enamel and the steel substrate 
that is caused by a chemical reaction and diffusion during the enamel firing 
process. The width of the interface transition zone in OTB steel is about 15 µm, 
Fe gradually increase from the enamel side to the steel substrate side in the 
transition zone, while Si behaves itself completely opposite to the Fe. The 
transition zone is a decisive factor for good interface adherence. 
4. Adherence at the interface between enamel and steel can be enhanced by 
properly modifying the chemical compositions of the steels. Of the steels tested, 
OTB steel can obtain proper adherence. 
8.2.4 Weldability and enamellability 
1. The weldability and enamellability of the studied steels was very good, and 
there were no fishscales in the layer of enamel on the weld metal. 
2. The grains at the weld metal and HAZ became very coarse after the welding 
process, but became refined and uniform after the enamel firing process, which is 
close to that of the base metal. 
3. The interface between the enamel and base metal and weld metal were similar 
for the samples of welded steel, but it was different on each steel. 
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8.2.5 Behaviour of hydrogen permeation and analysis of precipitates for 
judging the resistance to fishscaling 
1. The parameters of hydrogen permeation have a relationship with their 
locations in the thickness of the heavy plate. Normally, the data measured in the 
sample cut in the 1/4 location in the thickness can represent the whole heavy 
plate, although the average permeation parameters can be used to analyse the 
behaviour of hydrogen permeation in the heavy plate. 
2. The coefficient of hydrogen diffusion is in a sequence of 
Deff(OTB)<Deff(TB2)<Deff(OCB)<Deff(CB2), while the trap parameter α is in a sequence 
of α(OTB)>α(TB2)>α(OCB)>α(CB2), and the activation energy Q of the OTB and OCB 
steels is the highest. 
3. The main particles in the TB2 and OTB samples are coarse Ti4C2S2 and fine 
Ti(C, N), while the main particles in the OCB and CB2 samples are fine Ti(C, 
N). The total volume fractions of the particles in the OTB and TB2 samples are 
0.152% and 0.102%, respectively, which are about twice that in the OCB and 
CB2 samples. The volume fraction of precipitates in the four developed steels is 
in the sequence of Vf(OTB)>Vf(TB2)>Vf(OCB)>Vf(CB2). These results are in good 
agreement with the sequence of effective coefficients of hydrogen diffusion. 
4. The volume fractions of the particles in the four enamelling steels determine 
the ability of each type of steel to store hydrogen. These irreversible trapping 
sites will trap the hydrogen atoms and decrease its rate of diffusion in the steel 
such that, the more the volume fraction of the precipitates, the more hydrogen 
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storage sites there are and then the less the rate of hydrogen diffusion. So the 
ability of the enamelling steels to store hydrogen could be efficiently increased 
by a precipitation of the second phases. 
5. The room temperature model of correlation between the effective coefficient 
of hydrogen diffusion and volume fraction of the precipitates was successfully 
established, so this model can quantitatively explain the reciprocal relationship 
between the two factors. The Deff at room temperature can be calculated directly 
by the volume fraction of precipitates Vf (irreversible trapping sites) and vice 
versa. 
6. The effective coefficients of hydrogen diffusion for the four developed steels 
are all higher than 2.0×10-6 cm2/s at a temperature 20 ºC, but the results of the 
enamelling show that only CB2 steels have occasional problems with fishscaling, 
while this never happened with the TB2, OTB, and OCB steels, even after both 
sides were vitreous enameled. For strictly speaking, 3.98×10-6 cm2/s is a proper 
criterion value for judging resistance to fishscaling on the hot rolled heavy plate 
steels. 
7. The volume fraction of particles in the OTB steel was the highest, while the 
results of a quantitative analysis of the precipitates is in good agreement with 
their chemical composition because the OTB steel has the highest contents of Ti, 
V, N, and S. The coefficient of hydrogen diffusion of OTB steel was the lowest, 
so OTB steel had the highest resistance to fishscaling of the studied steels. 
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8.3 Suggestions for future work 
In this study a new hot rolled heavy plate steel OTB for enamelling has 
successfully been developed. After being enamelled, this steel has a suitable 
microstructure and high yield strength (YS≥245 MPa), and it also has proper 
adherence and high resistance to fishscaling. However, further work should be 
done to better understand the steel and the mechanism of the enamelling process. 
8.3.1 Mechanism of adherence  
Adherence at the enamel/steel interface can be modified by optimising the 
chemical compositions and hot rolling schedule, and while the large precipitates 
of TiB4BCB2 BSB2B and Ti(C, N) can enhance adherence, OTB steel is a successful 
product which satisfies the designed objectives. However, the mechanism of 
adherence is quite complicated, and more research should be undertaken to 
explain it, including the firing temperature and frit composition. Different steels 
should have different firing temperatures and suitable frit, according to the 
microstructures and chemical compositions of the steel. 
8.3.2 Criterion value for judging the occurrence of fishscaling 
A new criterion of DBeffB for judging the occurrence of fishscaling on heavy plate 
enamelling steels is suggested because this value is higher than the value which 
had been widely used for sheet steels. In this study, only four steels were 
measured and enamelled, so more heavy plate enamelling steels should be 
researched to determine an accurate DBeffB criterion for judging the occurrence of 
fishscaling. 
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8.3.3 Modeling of enamelling steels 
The room temperature model of the correlation between the effective coefficient 
of hydrogen diffusion and volume fraction of the precipitates was successfully 
established. The effective coefficient of hydrogen diffusion DBeffB is actually a 
function of the temperature, and the volume fraction of irreversible trapping sites 
VBfB is also a function with the temperature, so what is the relationship between the 
effective coefficient of hydrogen diffusion and the volume fraction of irreversible 
trapping sites at different temperatures? Another model may be developed on the 
basis of further research. 
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